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Abstract
We present two searches for massive resonances decaying with a single top-quark
signature. First, we present a search for the W’ boson decaying to a top and bottom
quark, then a search for the singly produced b∗ quark decaying to a top quark and W
boson. The data analysed for these searches corresponds to an integrated luminosity
of 19.7 fb−1 collected by the CMS detector in proton-proton collisions at
√
s = 8 TeV.
The use of cutting edge jet substructure algorithms allows the top quark jet to be
distinguished from standard model hadronic jet backgrounds and is the central feature
of these analyses.
We set 95% C.L. limits on the production cross section of a right-handed W’
boson, together with constraints on the left and right-handed couplings of the W’
boson to quarks. The production of a right-handed W’ boson with a mass below 2.02
TeV decaying to an all-hadronic final state is excluded. This mass limit increases to
2.15 TeV when both all-hadronic and semileptonic decays are considered.
Additionally, limits on the production cross section of the right-handed, left-
handed, and vectorlike b∗ quark boson are obtained. The masses of the left-handed,
ii
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right-handed and vectorlike b∗-quark states are excluded in the range of 880-1390
GeV, 820-1430 GeV, and 800-1530 GeV respectively when considering the all-hadronic
channel only. The masses of the left-handed, right-handed and vectorlike b∗-quark
states are excluded below 1390, 1420 and 1520 GeV when considering the combined
all-hadronic, semileptonic, and dileptonic channels.
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Modern particle physics is described by a theory called the standard model (SM).
The SM describes a universe in which visible matter consists of particles of half-
integer spin1 called fermions. These fermions interact with each other through force
mediating integer spin particles called bosons. This section provides a basic outline
of this theory, and motivates a need for a more basic theory that underlies the SM.
1.1 Fundamental Particles
The known SM matter in the universe is around 98% Hydrogen and Helium with
the final 2% being heavier elements. To a very good approximation, the known
matter in the universe consists of protons, neutrons, and electrons. Electrons are
categorized in the standard model as leptons and are fundamental. Protons and
1Intrinsic angular momentum
1
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neutrons are composites of three quarks. The up quark (u) has +2/3e2 charge, and
the down quark (d) has -1/3e charge, so the proton is an up-up-down combination
and the neutron is down-down-up. These quark compounds are called hadrons and
are categorized into two families: baryons (three quarks), and mesons (two quarks).
Although this is a good approximation of the known universe, we know that there
are more exotic phenomena that can be described by extending the quarks and leptons
to three generations. The three lepton generations are defined by the electron, muon,
tau and their corresponding neutrinos. The +2/3e charge quarks are the up, charm,
and top; whereas the -1/3e charge quarks are the down, strange, and bottom. These
quarks and leptons are summarized in Table 1.1 along with their charge and mass.
Quarks and leptons define all known fermionic matter, with gauge boson particles
being responsible for particle interactions. The final particle, the Higgs boson, is
responsible for the mechanism by which particles acquire mass.
1.2 Fundamental Interactions
Interactions in the SM can be described by the four fundamental forces: electro-
magnetic, weak nuclear, strong nuclear, and gravity. These forces manifest in the
exchange of a corresponding elementary boson. The intrinsic properties of these force
carrying particles are responsible for the range and relative strength of the interaction.
The electromagnetic force is responsible for well-known phenomena such as molec-
2e is the magnitude of the charge of the electron
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c +2/3 1.275 ×103
b -1/3 4.18 ×103
t +2/3 173.2 ×103
Table 1.1: List of SM fermions with their charge and mass. These particles all have
spin 1/2 [1].
ular bonds. This force is mediated be the photon, a massless, chargeless, spin 1 par-
ticle, which photon interacts with charged particles only. The fact that the photon is
massless leads to the infinite range of the electromagnetic force.
The weak nuclear force is the mechanism behind nuclear decay, and is described
by three force carrying bosons; the W+,W−, and Z. These bosons are massive, which
leads to the apparent short range nature of the weak force. The W± bosons have a
charge of ±1e whereas the Z boson is neutral, and all three have a spin equal to 1.
The weak force is responsible for transitions between different types of quarks (see
Table 1.1, and Section 1.6). Quarks and leptons both interact by the weak force.
The strong nuclear force is responsible for binding quarks together to form hadrons.
The strong force describes the interactions of particles that carry color. Color is an
intrinsic property of fundamental particles; and has three varieties; commonly labeled
as red, green and blue. This force is mediated by gluons, which are massless and in-
3
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particle charge (e) spin mass (GeV)
γ 0 1 0
W± ±1 1 80.4
Z 0 1 91.2
gl 0 1 0
gr 0 2 < 6 × 10−38
Table 1.2: List of SM force carrying bosons with their charge, mass and spin. The
graviton has not yet been observed [1].
teract with quarks. The theory behind the strong force is described in more detail in
Section 1.4
The fourth known force, gravity, is both the most recognizable and least under-
stood of the forces. All attempts at including gravity into the SM have failed, but
hypothetically gravity should be mediated by the spin 2 graviton, which interacts
with massive particles.. Gravity is by far the weakest of the fundamental forces.
The force carrying bosons and their properties are listed in table 1.2
1.3 Feynman Diagrams
Calculations in theoretical particle physics are facilitated by the use of Feynman
diagrams. Feynman diagrams are pictorial representations of terms in the quantum
mechanical scattering or decay amplitudes, and as such, aid in the calculation of phys-
ical observables like rates of particle interactions and decays. An example Feynman
diagram is shown in Figure 1.1. In this diagram, an electron and a positron3 interact
3Shown as an electron with an inverted line direction
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Figure 1.1: Feynman diagram depicting electron-positron scattering via the electro-
magnetic interaction.
with a “virtual” photon (γ); this diagram represents Bhabha scattering, responsible
for electromagnetic attraction.
The rules governing the calculation of physical observables from these diagrams
are defined by the theory of Quantum Electrodynamics (QED). Using these diagrams,
the rules of QED let us calculate the matrix element (M).
M can by related to physical quantities through the square modulus (|M|2), which
is the probability density for a process to occur. From this, relevant quantities such
as the cross section (see Section 2.1) of the process can be calculated.
Additionally, in the case that a particle decays we can evaluate the decay width
(Γ). When a particle of mass MO decays, the observed values of the invariant mass





(Mi −MO)2 + Γ2/4
(1.1)
The decay width represents the width of this distribution at half the maximum.
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The average lifetime of the particle is 1/Γ.
For a given process there can be multiple contributing diagrams, for instance
for a calculation involving the Coulomb attraction shown in Figure 1.1, one must
also consider the diagram shown in Figure 1.3, which has the same incoming and
outgoing particles. Diagrams such as this interfere with each other constructively or
destructively in the calculation of the matrix element, which can increase or decrease
the cross section of the full process.
Each of the vertices in a Feynman diagram contributes a factor of the coupling
constant α to the matrix element computation. In the calculation of the full matrix
element for the electron positron scattering shown in Figures 1.1 and 1.3, we must
consider diagrams with higher vertex multiplicity such as those seen in Figure 1.4.
To approximate M in QED, we can perform an expansion in the vertex multiplicity







Due to the fact that the coupling constant α in QED is 1/137, this expansion
terminates quickly because high n diagrams contribute much less to M. A calcula-
tion involving all diagrams with the least number of vertices is called leading order.
Calculations involving all diagrams with higher order contributions as well are called
6
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Figure 1.2: Breit-Wigner distribution centered on the Z mass [3].
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Figure 1.3: Feynman diagram depicting electron-positron scattering via the electro-










Figure 1.4: Feynman diagrams depicting NLO electron-positron scattering.
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next-to leading order (NLO), next-to-next-to leading order (NNLO), etc.
Once the matrix element has been determined to an acceptable accuracy, we can
extract the cross section in a straight forward manner. For the example electron-
positron scattering process above the differential cross section has the following sim-











Quantum chromodynamics (QCD) is the theory describing the strong force, and
is of particular importance for this thesis. The strong force is mediated by gluons
which interact with particles that carry color. In QED, the photon is not charged,
and thus can not interact with itself, however in QCD the gluon carries color and
thus can interact with itself. Additionally, while in QED the addition of a vertex
greatly reduces the cross section, the strong coupling constant αs is of order 1, so
higher order diagrams can contribute substantially to the measurement. This means
that QCD processes are much more difficult to calculate than QED processes.
However, αs is not constant, and in fact increases as the distance scale of an
interaction increases (see Figure 1.5). This property of the the strong interaction is
9
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1 + (αs(µ2)/12π)(11n− 2f)ln(|q2|/µ2)
(1.4)
where n is the number of colors (3), f is the number of flavors (6), and µ2 is an
arbitrary energy scale where αs(µ
2) < 1. Because 11n > 2f, αs decreases as energy
increases.
Therefore as the distance between two quarks increases, so do the forces holding
them together. This large force at a characteristic distance (∼ 10−15 m) is the reason
why it is impossible to observe a free quark (quark confinement). Although quarks can
not be observed alone, there are ways of precisely determining the physical properties
of free quarks through reconstruction of their decay products.
Consider a quark pair that is produced in a high energy interaction. The quarks
will have a high momentum relative to each other, and their separation increases
quickly, and, together with it, the energy of the QCD field between them increases as
well. Eventually, the energy between the quarks will reach a threshold where quark
pair production is energetically favorable. At this threshold, the constituent quarks
are then joined by these pair produced quarks. Additional quark pairs can be created
many times, and the initial quark is detected as many hadrons that are collimated
into a stream of particles called a jet. This process is called hadronization.
10
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Figure 1.5: The QCD coupling constant αS as a function of the energy scale Q [1].
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The αs parameter is low at short distances (or equivalently high energy); just
like in QED, the impact of higher order diagrams is small. In this regime, QCD
calculations using a finite expansion is possible. This allows us to only consider
free quarks in calculations involving the scattering of highly energetic particles. The
characteristic interaction energy where free quarks can be considered is above the
constant Λ, which is in the range of 100 MeV to 500 MeV. This is much lower
than energy scales considered in this thesis, so we will only be referring to free quark
interactions [4].
1.5 Parton Distribution Functions
Hadrons are composite objects made up of two or three “valence” quarks, but
also contain virtual quark-antiquark pairs (“sea quarks”) and gluons (see Figure 1.6).
These sea quarks and gluons are very important to consider when analyzing hadrons.
Take for instance the quark masses listed in Table 1.1. Summing the valence quark
mass for a proton, we would obtain a mass of 9.4 MeV, instead of the measured mass
of 938.3 MeV. Therefore, the energy of a proton is shared among many partons, and
for calculations it is useful to define parton distribution functions (PDFs). PDFs
define the probability of a parton to carry a fraction x of the hadron. Figure 1.7
shows parton distribution functions for the proton at two characteristic energy scales.
12
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Figure 1.6: An illustration of a proton emphasizing the sea quark contribution [5].
Figure 1.7: Parton distrubution functions for the proton. The left plot is evaluated
at an energy scale of µ2 = 10 GeV2, and the right plot at µ2 = 104 GeV2 [1].
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Figure 1.8: Feynman diagram depicting beta decay via the weak interaction.
1.6 The Weak Force
Both quarks and leptons interact via the weak force. As can bee seen in Figure 1.8
(beta decay), this force is carried by massive W and Z bosons. It is weaker than both
the electromagnetic and the strong force, which leads to longer decay times for weakly
decaying particles. The weak force is responsible for changing of quark flavor in an
interaction. In the decay of a light quark, the W lies far away from the real mass, and
thus the decay is suppressed. A vertex involving a change is quark flavor contributes a
factor of Vij to the matrix element, where Vij is an element of the Cabibbo Kobayashi
Maskawa (CKM) matrix (shown in Figure1.9). For example, the calculation of the
diagram in Figure 1.8 includes a factor of Vud = 0.97427. The CKM matrix is roughly
diagonal, which means that a process which changes quark generation is rare.
Weak force interactions are dependent on the chirality of the interacting parti-
cle. Chirality for massless particles is dependent on the relative orientation of the
momentum and spin axes. Particles with momentum and spin aligned are referred
to as right-handed, and particles with the momentum axis opposite to spin are left-
14
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Figure 1.9: The CKM quark mixing matrix [1].
handed4. For massive particles the concept of chirality is generalized such that right-
and left-handed components of a wavefunction can be extracted by using the right-
handed operator (1+γ5)/2 and the left-handed operator (1-γ5)/2. The W boson only
interacts with left-handed chiral fermions whereas the Z boson interacts with right-
and left-handed fermions with differing strengths.
1.7 Electroweak Symmetry Breaking
Through the electroweak symmetry breaking mechanism, the mass of the W and
Z bosons, and all fermions can be generated in the SM. We consider a scalar potential
of the form:









where Φ is the Higgs field. A plot of this potential can be seen in Figure 1.10. The
minimum of the potential is not at V(0), and this point is unstable. The Higgs field
4This convention is reversed for anti-particles
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Figure 1.10: A diagram of the the Higgs potential.
has a non-zero vacuum expectation value (VEV).
Using the Higgs Lagrangian
L = (DµΦ)†(DµΦ)− V(Φ) (1.7)














One new particle is predicted, a massive, chargeless, spin 0 boson called the Higgs.
16
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A particle consistent with the Higgs boson has been discovered in 2012 at the LHC.
1.8 Beyond the Standard Model
The SM is possibly the most successful theory in physics, but also one that is ul-
timately incomplete. We know that there are physical phenomena that the SM does
not predict. The presence of dark matter and dark energy in the universe [6] is not
currently explained by the SM. Dark matter and energy account for approximately
95% of the universe. The SM does not explain the observation of neutrino oscilla-
tions [7], which implies that neutrinos have mass. The SM also does not naturally
explain the relative values of fundamental constants such as why the weak force is
1029 times as strong as gravity. This issue is known as the hierarchy problem, and it is
assumed that a complete theory would have a natural explanation for the seemingly
random values of these constants.
It is essential for a complete understanding of the universe that we probe beyond
the standard model (BSM) theories that provide solutions to these issues. Theories
involving compact extra dimensions [8] for example provide a natural explanation
to the hierarchy problem. In these theories forces propagate in higher dimensions
that are compactified. In this theory, the propagation of SM massive fields in higher
dimensions leads to discrete modes, which are detectable as new massive particles.
The propagation of the SM W or Z leads to excited modes that are referred to as
17
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the W′ and Z′. A novel way to look for BSM physics then is to attempt the creation
and detection of massive states such as these bosons. In this thesis we discuss one
such search for a W’ boson, which is additionally predicted by many BSM theories





One way to search for BSM physics is to produce new particles directly. For this,
we collide lighter particles at a high energy. The energy released in the collision
can manifest in more massive particles1 via mass-energy equivalence (E=mc2). The
collision may create one or more of these new particles, and from it’s decay products
an experimenter can reconstruct the properties of the new BSM massive state and
study the properties (mass, decay width, spin, SM couplings etc.).
For the measurements presented in this thesis, we collide high energy proton
beams, which are designed to produce a high collision energy in comparison to fixed-
target or electron-positron collisions.
1In SUSY there will usually be two
19
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2.1 Luminosity and Cross Section
To understand how many occurrences of any physical process to expect in a set
of collisions, we need to define at a minimum the concepts of luminosity, L, and cross
section, σ.
The cross section of a process is a measure of the probability that a collision will
produce the particles of interest. The phrase cross section refers to the physical cross
section of a classical target and is thus measured in units of area. In a high energy
collision, the cross section no longer refers to the physical dimensions of the target,
and can be calculated directly from Feynman diagrams. The areas associated with
these cross sections is very small and is measured in barns (b), which is 10−28m2. BSM
physics signatures have cross sections that are generally on the order of picobarns (pb)
or femptobarns (fb). The process cross section is highly dependent of the energy of
the collision and is why it is very important to have large, high energy accelerators
for the discovery of new physics. The cross section of some SM processes are shown
in Figure 2.1.
Luminosity is a measure of the intensity of the colliding beams and is the num-
ber of collisions expected per unit time per unit area. To look for BSM physics, we
need to collect an ensemble of useful collisions (events), and thus higher luminosity
leads to a larger ensemble, and consequently higher statistical precision of the mea-
surement . Additionally, collecting data over time leads to a larger ensemble, so the
time-integrated luminosity is a more useful variable to describe the total amount of
20
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Figure 2.1: Standard model cross sections as a function of collision energy.
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data collected, which is reported in fb−1. Given in relevant collider properties, the







where γ is the Lorentz factor, f is the frequency of revolution, kB is the number of
bunches in the beam, Np is the number of protons per bunch, ε is the transverse
emittance, β∗ is the betatron function, and F is a reduction factor based on the
crossing angle.






The Large Hadron Collider (LHC) is a particle accelerator designed to reach col-
lisions energies far surpassing any previous design. The LHC is a synchrotron that
accelerates protons to 99.999997% the speed of light. These protons beams are then
collided at a center-of-mass energy (
√
s) of 8 TeV. The accelerator segments and
detectors at the LHC are shown in Figure 2.2.
A proton at the LHC starts out as hydrogen gas within the injector of LINAC 2
22
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linear accelerator. The atoms are ionized using an electric field, stripping the electron.
The resulting proton is accelerated using an oscillating electric field. The protons are
accelerated in a straight line to an energy of 50 MeV, or 31% the speed of light.
At this energy, linear acceleration is not practical, and the protons enter the
Proton Synchrotron Booster (PSB). The PSB is composed of four 157 m circumference
superimposed synchrotrons that accelerate the protons using electric fields that are
synchronized to the revolution frequency of the beams. The protons are kept on
the circular accelerator with a magnetic field directed into the plane formed by the
accelerator ring, which increases in strength as the protons gain energy. After the
acceleration from the booster, the protons are at en energy of 1.4 GeV, or 92% the
speed of light.
After the PSB, the protons enter the Proton Synchrotron (PS), a 628 m circum-
ference synchrotron, which accelerates the protons to 25 GeV, or 99.93% the speed of
light. After the PS, the protons enter the Super Proton Synchrotron (SPS), a 7 km
circumference synchrotron, which accelerates the protons to 450 GeV, or 99.9998%
the speed of light.
Finally, the beams enter the LHC. This is the final synchrotron ring, with a
circumference of 27 km. After the SPS, the protons are inserted into the LHC in one
of two evacuated tunnels depending on which direction around the ring the beam is
to travel.
The LHC uses 1232 dipole magnets to keep the protons in the ring as they acceler-
23
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ate. which provide an 8.3 T field over their length. In order to deliver such a field, the
magnets use superconducting niobium-titanium cables. These cables are cooled by
superfluid helium to -271.3 C in order to achieve this superconductivity. During each
revolution the energy of each proton in the LHC ring increases by 5 MeV. After being
fully accelerated in the LHC, the protons are at an energy of 4 TeV, or 99.999997
%the speed of light.
The proton beams are then directed together for collisions in four positions around
the ring. Each beam in the LHC ring contains 2808 bunches of protons, and each
bunch contains 110 billion protons. These bunches need to be collimated in order
to maximize collision frequency, which is accomplished by the use of 392 focusing
quadrupole magnets. Each of these collision points houses its own detector, ALICE
(A Large Ion Collider Experiment), ATLAS (A Toroidal LHC Apparatus), CMS
(Compact Muon Solenoid), and LHCb (Large Hadron Collider beauty). The ALICE
detector is primarily used for experiments involving heavy ion collisions that expand
the current understanding of concepts such as the quark-gluon plasma and quark
confinement LHCb is specialized for physics involving b quarks, such as measuring
CP violation parameters from b-hadron interactions.
CMS and ATLAS are large general purpose detectors. These detectors are used
for many different types of physics searches, and are the two detectors responsible for
the Higgs boson discovery. For the purposes of this thesis we will be concentrating
on the CMS detector
24
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Figure 2.2: A diagram of the LHC [2].
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2.3 CMS detector
Here we will detail the basics of the CMS detector subsystems, for a more complete
description, see Reference [12]. The purpose of the CMS detector is to measure prop-
erties of particles that are created in a collision such as the energy and trajectory. The
detector needs to collect enough information so that particles can be reconstructed
and classified. Generally, we can reconstruct most physics signatures by analyzing
electrons, muons, photon, charged hadrons, and neutral hadrons. The CMS detector
has dedicated algorithms and systems that are specifically designed to identify each
of these categories. In order to reconstruct these particles, we impose a uniform ax-
ial magnetic field throughout the inner detector with the use of a superconducting
magnet.
The trajectory of charged particles is important for extracting information such
as charge and momentum. The process of reconstructing the trajectory of these
particles is called tracking. Near the interaction point tracks are very dense, and
tracking becomes very difficult. In this region we use a fine array of silicon pixels
that register a charge particles position based on charge deposited in the device.
Additional measurements are made by a second series of silicon detectors called the
Silicon Strip Tracker. Using a series of these position measurements, we can fit a
charged particle track.
Energy can be measured by the use of calorimeter systems. A calorimeter is a
detector designed such that a particle will deposit all of its energy within its volume
26
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in the form of photons, which can be detected to extract a measure of the total
energy. These systems are subdivided into the Electromagnetic Calorimeter (ECAL)
and Hadronic Calorimeter (HCAL). The ECAL uses scintillation crystals to detect
particles that interact primarily with the electromagnetic force such as electrons and
photons. Hadrons pass through the ECAL with minimal loss and deposit energy in
the HCAL, which uses layers of absorber and scintillator to first create a shower of
secondary particles, and then measure the total energy of these secondary particles.
The detection of muons requires a specially designed system that lies outside of
the ECAL, HCAL, and magnet. Muons pass through the ECAL and HCAL without
losing a substantial fraction of their energy. To reconstruct the trajectory of muons,
we use several different systems both inside and outside the magnet.
See Figure 2.3 for a diagram of the full detector, and Figure 2.4 for a cross-sectional
view of the detector subsystems.
2.3.1 Pixel Tracker
The closest detector system to the interaction point is the silicon pixel tracking
system (see Figure 2.5). . This system extends from a radius of 4 cm to 11 cm in
the barrel, and is designed to track charged particles in a very dense environment.
This is achieved with three arrays of two dimensional silicon pixels placed at a radii
of 4.4 cm, 7.3 cm, and 10.2 cm, as well as two endcap disks for a total of 65 million
pixels. When a charged particle traverses one of the 100 µm × 150 µm pixels, it
27
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Figure 2.3: A diagram of the full CMS detector.
Figure 2.4: A cross-sectional view of the CMS detector.
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Figure 2.5: A diagram of the pixel detector.
imparts enough energy to the silicon to eject an electron. The electrons and their
corresponding hole are detected on the pixel surface as a signal. This signal allows
us to extract a position measurement for the charged particle.
The entire system exists in a magnetic field, so the trajectory of the electrons and
holes are deflected in the r,φ plane before detection. The angle of this Lorentz drift
is 23◦, which causes the electron-hole pairs to be detected over a wide region covering
multiple pixels. This effect improves the spacial resolution to 10 µm in r-φ space
due to the fact that the charge center can be reconstructed by more measurements,
whereas the z resolution is 20 µm due to the fact that there is no magnetic deflection
in this direction. The pixel detectors in the endcap disks are angled at 20◦ in a
turbine-like design to take advantage of this effect.
29
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Figure 2.6: A diagram of the silicon tracking system.
2.3.2 Silicon Strip Tracker
Outside of the silicon pixel tracker (see Figure 2.6) out to a radius of 130 cm in
the barrel lies the silicon strip tracking system.
The system in segmented into the inner barrel, outer barrel, inner disk, and endcap
segments. The inner barrel segment (20 cm < r < 55 cm) uses four arrays of 10 cm
× 80 µm silicon microstrips . The outer barrel (55 cm < r < 130 cm) uses six arrays
of large pitch 25 cm × 180 µm silicon microstrips.
The endcap silicon strip detector consists of nine disks from 120 cm < z < 280
cm. The inner disk segment contains three smaller disks that connect the inner barrel
and endcap segments.
30
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2.3.3 Electromagnetic Calorimeter
The ECAL (see Figure 2.7) is designed to provide energy information for electrons
and photons. These particles will typically deposit all of their energy within the
detector, which is detectable as photons.
To do this, the ECAL uses 61200 lead tungstate (PbWO4) scintillation crystals
in the barrel and 7324 in each endcap. Lead tungstate is chosen as a scintillation
material because it has a short radiation length (0.89 cm), fast response (25 ns for
80% of light), and can withstand harsh radiation environments (10 Mrad). The light
emitted is around 30 photons per MeV for the energy of the particle of interest, which
is somewhat low. Therefore, the ECAL uses avalanche photodiodes in the barrel and
voltage phototriodes in the endcap segments to amplify the signal upon readout.
The endcap regions of the ECAL include a preshower detector that is used to
distinguish high energy photons from decaying pions. A pion decaying to two closely
spaced photons can mimic one high energy photon to the 2.2 cm wide ECAL crystals.
The preshower is able to distinguish these events with a finer granularity (2 mm)
silicon strip detector.
2.3.4 Hadronic Calorimeter
The HCAL (see Figure 2.8) is designed to give the energy of charged and neutral
hadrons, which generally lose very little energy in the ECAL. The HCAL is segmented
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Figure 2.7: A diagram of the ECAL system.
into the inner barrel (inside the magnet), outer barrel (outside the magnet), endcap,
and forward (close to the beamline).
The HCAL uses alternating layers of absorber and scintillator to calculate the
energy of these hadrons. The absorber creates a cascade of secondary particles that
emit photons in the scintillator which can then be detected and summed to reconstruct
the energy of the initial hadron. The photons emitted in the scintillator are carried
to the photodetectors by optical waveguides. The HCAL uses hybrid photodiodes to
detect the scintillation light and provide a signal that can be used to extract the total
energy of the hadron.
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Figure 2.8: A diagram of the HCAL system.
2.3.5 Magnet
A charged particle moving perpendicular to a magnetic field follows a helical tra-
jectory. The curvature of this helix is dependent on the momentum of the particle,
and the handedness is dependent on the charge. Therefore, by immersing the track-
ing volume in an axial magnetic field we can get an accurate measurement of these
properties. The stronger the magnetic field, the more precise these measurements
can be for a high energy particle due to the more distinct curvature. To produce this
field, CMS employs the largest superconducting magnet ever built.
The design goal for the magnet is to be able to reproduce high momentum muons.
The benchmark used for this is to have a momentum resolution of ∆p/p ≤ 10% at
a muon momentum of 1 TeV. To achieve this, we employ a solenoid with a length
of 12.9 m and bore of 5.9 m. The coils of this solenoid are superconducting niobium-
titanium, which produce a uniform 3.8 T magnetic field in the interior. The coils are
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wound in four layers, for a total of 2168 turns that carry 19.5 kA of current.
The magnet additionally provides structural support to withstand the weight of
the CMS detector as well as the magnetic force exerted from it’s own magnetic field.
2.3.6 Muon System
The reconstruction of muons and electrons starts at the inner silicon tracking
system. Whereas electrons deposit their energy in the ECAL, a muon will traverse
the ECAL and HCAL without significant interaction because a muon is around 200
times as massive. Muons are of interest to the Higgs discovery as well as BSM physics,
and an accurate determination of the muon energy is also required for determination of
the total event energy and missing energy. Therefore, the CMS detector has a large
system purely designed to reconstruct muons, which lies outside all other detector
systems at CMS.
The muon system is comprised of a gaseous detectors interleaved with iron. The
iron is saturated with the return field of the magnet, which creates a magnetic field
at one half of the internal field strength and oriented in the opposite direction. The
three layers of this “return yoke” system bends muons to get an accurate measure of
the momentum outside of the magnet.
The trajectory of the muons is reconstructed with three types of gaseous detectors.
The detectors work on the same basic principle, where an incoming muon ionizes the
gas creating an electron-hole pair. The electron is detected by the anode, and the
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hole is detected by a cathode. A coincidence of these two measurements gives a
measure of the position and time that a muon traversed the detector. With a series
of these measurements, a trajectory can be fit, and physical quantities of interest can
be reconstructed.
In the barrel region (|η| < 1.2), drift tubes are used because the neutron flux and
magnetic field are low. A drift tube is a detector consisting of a gas filled tube with
an anode wire. The ionized electron from the gas volume travels to the anode wire,
and a measurement of position is made. The detection of this electron registers the
position along the wire (z coordinate). The r-φ coordinate within the drift tube cross
sectional can be calculated by using the drift time of the ionized electrons to the
anode.
In the endcap region, where the magnetic field and neutron flux are high, cathode
strip chambers are used. Cathode strip chambers are trapezoidal in shape with six
gas gaps for ionization. These gas gaps each have one plane of cathode strips pointing
radially outward and one plane of anode wires oriented perpendicular to the cathode.
In both the barrel and endcap regions, resistive plate chambers are used. These
detectors are composed of two parallel resistive plates separated by a gas gap. The
design goal of the resistive plate chambers is to complement the cathode strip cham-
bers and drift tubes to give two independent measurements of position. Additionally,
resistive plate chambers offer very quick and accurate time resolution. This offers a
quick approximation of the muon momentum which is useful for the trigger system
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Figure 2.9: A diagram of the muon system.
and matching a muon track to a bunch crossing.
The muon system and inner tracker both contribute to the trajectory measure-
ment of a muon. In terms of momentum resolution, the inner tracker offers much
better sensitivity up to around 200 GeV. After 200 GeV, the muon system starts to
significantly improve the momentum measurement.
Figure 2.9 shows a diagram of the muon system.
36
CHAPTER 2. EXPERIMENTAL SETUP
2.3.7 Trigger
The LHC delivers around 1 billion proton-proton collisions per second. However,
because of the current computing limitations, the CMS detector system can only write
around 100 collisions per second as data. Therefore, a trigger system is developed to
distinguish the most potentially interesting physics signatures.
The L1 trigger takes information from the calorimeter and muon systems and their
correlations. When one of these detectors produces a signal, the information takes
3.2 µs to reach the L1 processing area and return to the detector. The L1 processing
time for the information for a maximum of 1 µs where the decision is made to keep
the event to search for potential physics signatures. The L1 has various algorithms
designed to keep “trigger primitives”, which can be objects such as high pT muons,
electrons, jets or full event information like total energy or EmissT . The L1 trigger only
saves on average of 1 out of every 1000 events.
After the L1 trigger, the trigger primitive events are processed by the high level
trigger (HLT). The HLT again saves only 1 out of 1000 of these events. The processing
time for the HLT algorithm is longer than the L1 system, and to extract the potentially
exciting physics objects the algorithm performs partial event reconstruction. An event
that enters the HLT algorithm is first analyzed based on the output of the calorimeters
and muon system, then pixel tracking is performed, then finally full tracking. An





Many beyond the BSM theories predict new massive gauge bosons. This note
presents a search for a heavy partner of the SM W gauge boson, generally referred
to as the W′ (see Chapter 1.8). We focus on the W′ → tb decay mode motivated by
the ability to lower QCD multijet background in this channel when compared to light
flavor hadronic decay modes.
The primary signal under investigation is a W′ particle in which the interaction
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W′qj + H.c. , (3.1)
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This is the most general, lowest-dimensional, model-independent effective Lagrangian
for the W′ boson. Here aLqi,qj, a
R
qi,qj are the left- and right-handed chiral couplings of
W′ to quarks. For a SM-like W′, aLqi,qj=1, a
R
qi,qj = 0.
Searches for a high mass W′ resonance have been performed at the Tevatron [13,14]
and at CMS [15–17] and ATLAS [18] at the LHC. Currently, the most stringent limits
on W′ cross-sections exclude a right-handed W′ particle with mass below 2.05 TeV
at the 95% C.L. In this analysis we do not consider W′ lighter than ∼ 1.3 TeV since
there are stringent limits on W′ production at these masses.
We present a search for W′ → tb followed by the fully hadronic decay chain
t→W + b followed by W→ hadrons. This differs from [15] since the final state
is comprised of only jets. In our kinematic regime of interest (MW′ & 1.3 TeV) the
top quark is quite energetic, and due to its Lorentz boost, the angular separation
between its immediate decay products will be small. The jets resulting from the
hadronization of the b quark and the light quarks from W boson from the top decay
usually overlap, resulting in one ‘fat’ jet. This search uses special techniques to
identify the substructure of this top jet, and further selection based on substructure
information as well as b-tagging strongly suppresses the QCD background.
The search uses 19.7 fb−1 of 8 TeV data collected from the CMS experiment in
2012.
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3.1.1 Analysis Strategy
The focus of this analysis are heavy resonances decaying into tb. Thus the
W′ → tb decay results in a mostly dijet topology, with the b and top jets being
predominantly back-to-back.
After requiring a high transverse momentum, the primary sources of background
are QCD multijet and SM tt production due to the high abundance of QCD present
by requiring a dijet topology and the high tt production contribution fraction that
remains after top jet discrimination.
Of these two main sources, QCD multijet production is dominant and is estimated
by a data driven technique similar to [19]. We invert certain substructure cuts used
to identify top jets to define sideband regions; we keep the cut on the mass of the top
jet to avoid the kinematic bias in forming the invariant mass distribution of the top-b
candidate. One sideband region is used to measure the average b-tagging rate, which
is then applied to pre-b-tag data to obtain the QCD estimate. The other sidebands
are then used to check the performance of the QCD estimation in data.
The SM tt contribution is estimated from Monte Carlo (MC) simulation. We
also subtract the pre-tagged tt from the pre-tagged data sample when measuring
the average b-tagging rate. The measurement of the average b-tagging rate is then
independent of tt, and the tt contribution is added at the end as a separate background
component. The contribution of the single top production to the background was
found to be negligible.
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The data and background components are then used as templates by the Bayesian
statistical procedure to set the exclusion limits on W′. This procedure uses a binned
likelihood to calculate limits for the signal cross-section in the W′ → tb branching
fraction. We use the limit setting framework “Theta” [20], which calculates exclusion
limits using a shape based approach.
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3.2 Data Sample
The data sample used for this analysis corresponds to 19.7±0.5 fb−1 of integrated
luminosity collected in 2012 at
√
s = 8 TeV. See Table 3.1 for a summary of the
datasets used in the analysis. Generation of SM tt and single top events is performed
by Powheg [21]. The MC simulation samples used for background estimation can be
found in table 3.1.
3.2.1 Signal Samples
The Lagrangian presented in equation 3.1 has been implemented in CompHEP [24]
and used for event generation. The mass of the top quark was set to 172.5 GeV.
Pythia was used for hadronization. The CTEQ6M parton distribution functions were
selected and the QCD scale was set to the W′ invariant mass. The width of the W′
resonance and cross-sections were obtained from CompHEP numerical calculations.
The generation was performed using the 2→ 4 process W′ → t ; t→Wb ; W→ qiqj,
where qi and qj represent quarks. W decays including b quarks are not considered
due to the negligible branching fraction. The process preserves all spin correlations
between production and decay.
The W′ generation can be performed using three different couplings.
• W′R - The purely right-handed W′ where aLqi,qj=0 , aRqi,qj=1
• W′L - The purely left-handed W′ where aLqi,qj=1 , aRqi,qj=0
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Total Analyzed Luminosity 19757
MC Datasets
Dataset Cross-section(pb)
TT Mtt-700to1000 CT10 TuneZ2star 8TeV-
powheg-tauola
245.8 (NNLO)
TT Mtt-1000toInf CT10 TuneZ2star 8TeV-
powheg-tauola
245.8 (NNLO)
T t-channel TuneZ2star 8TeV-powheg-tauola 56.4 (NNLO)
Tbar t-channel TuneZ2star 8TeV-powheg-tauola 30.7 (NNLO)
Tbar tW-channel-DR TuneZ2star 8TeV-powheg-
tauola
11.1 (NNLO)
T tW-channel-DR TuneZ2star 8TeV-powheg-
tauola
11.1 (NNLO)
T s-channel TuneZ2star 8TeV-powheg-tauola 3.79 (NNLO)
Tbar s-channel TuneZ2star 8TeV-powheg-tauola 1.76 (NNLO)
QCD Pt-300to470 TuneZ2star 8TeV pythia6 1759.6
QCD Pt-470to600 TuneZ2star 8TeV pythia6 113.9
QCD Pt-600to800 TuneZ2star 8TeV pythia6 27.0
QCD Pt-800to1000 TuneZ2star 8TeV pythia6 3.57
QCD Pt-1000to1400 TuneZ2star 8TeV pythia6 0.738
QCD Pt-1400to1800 TuneZ2star 8TeV pythia6 0.0335
Table 3.1: Primary datasets and MC samples used. Including the corresponding
integrated luminosity or cross-section of each dataset [22, 23].
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• W′LR - The mixed-coupling W′ where aLqi,qj=1 , aRqi,qj=1
Because of the SM-like couplings of W′L and W
′
LR, we must consider the interfer-
ence between SM single top and signal. The W′R MC samples were generated without
SM single top. The right-handed W′ samples used in this analysis are given in table
3.2. The cross-sections listed here are leading order. The cross-sections used in the
main analysis are scaled to next-to leading order with a multiplicative k factor of 1.2
which is extracted from [25]. The left-handed and mixed-coupling W′ samples used
in this analysis are given in table 3.3 and 3.4 respectively. In order to have sufficient
statistical precision in the signal region, these samples have a loose generator level pT
cut of 200 GeV set on the b jet from the W′ decay. The effect of this pre-selection is
investigated in section 3.2.3.
3.2.2 Trigger Selection
Due to our interest in highly boosted jets, our data was taken using the HLT HT750
trigger, which requires the event to have Ht of at least 750 GeV. The trigger efficiency
is measured in data and MC by investigating the looser HLT HT550 trigger. The
selection used for this measurement includes a loose kinematic selection. We require
two jets with pT > 300 GeV and the cut described in Section 3.2.9. The denominator
is defined as passing this selection and the HLT HT550 trigger, whereas the numerator
is required to pass the selection and both the HLT HT550 and HLT HT750 trigger.
The efficiency is shown in Figure 3.1 and is parameterized as a function of summed
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Right-Handed Signal Samples
Dataset ΓW′(GeV) (LO) Cross-Section (pb)
SingletopWprimeTToHad M-
























2700 right TuneZ2star 8TeV-
comphep
91.2 0.0039
Table 3.2: Signal samples used in the analysis. Quoted cross-section and ΓW′ were
obtained from the CompHEP generator. A k factor of 1.2 is implemented on the
quoted cross-sections.
45
CHAPTER 3. THE W′ SEARCH
Left-Handed Signal Samples
Dataset ΓW′(GeV) (LO) Cross-Section (pb) Selection Efficiency
SingletopWprimeTToHad M-
























2700 left TuneZ2star 8TeV-
comphep
91.2 0.0933 0.0379
Table 3.3: Left-Handed signal samples used in the analysis. Quoted cross-section and
ΓW′ were obtained from the CompHEP generator. A k factor of 1.2 is implemented
on the quoted cross-sections. The cross sections listed here take into account the
generator level b jet pT cut, and represent the visible cross section. The efficiency of
this cut is provided under the column labeled Selection Efficiency.
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Mixed Signal Samples
Dataset ΓW′(GeV) (LO) Cross-Section (pb) Selection Efficiency
SingletopWprimeTToHad M-
























2700 mixed TuneZ2star 8TeV-
comphep
182.4 0.0986 0.0400
Table 3.4: Mixed-Coupling signal samples used in the analysis. Quoted cross-section
and ΓW′ were obtained from the CompHEP generator. A k factor of 1.2 is imple-
mented on the quoted cross-sections. The cross sections listed here take into account
the generator level b jet pT cut, and represent the visible cross section. The efficiency
of this cut is provided under the column labeled Selection Efficiency.
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leading and sub-leading jet pT. The extracted trigger efficiency is used to weight the
MC samples used in the analysis to account for the loss in efficiency in the turn-on.
We do not observe perfect agreement in data and MC, so we use the trigger efficiency

























W` Monte Carlo at 1300GeV
qcd Monte Carlo
Data
-1CMS Preliminary, 8 TeV, 19.7 fb
Figure 3.1: Trigger efficiency of HLT HT750 measured as a function of the summed pT
of the leading and sub-leading jets. The red dashed line indicates the minimum for
the analysis, at which point the trigger is nearly fully efficient.
3.2.3 Signal Characteristics
The W′ boson of interest is very massive, and produces highly boosted top quarks.
The decay products of these top quarks become more collimated as the boost in-
creases. When the top decays hadronically, we observe one merged jet over the two
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distinct jets that would be detected at a lower boost. This jet has a large character-
istic radius and a distinct substructure. This high energy jet merging is investigated
in Figure 3.2. Here, the ‘top candidate’ is just the leading jet in the event. It is also
required to be hemispherically separated from a MC truth b jet. This jet is generally
a merged W boson at low pT and a merged top at high pT. The ‘W candidate’ (used
for the bottom plots) is assembled from the pair of generator level non-b quarks that
are close to the W mass (within 2.0 GeV). The central feature of this analysis is
using this jet merging to discriminate signal from background.
Δ Δ Δ
Figure 3.2: Investigation of top merging within MC samples of interest. tt (left) W′R
MC at 1300GeV (middle) W′R MC at 1900GeV (right). The red lines on the top and
middle plots indicate the top candidate mass cut in the full selection (see Section
3.2.8). The red line on the bottom plots indicate the characteristic jet radius used to
investigate fully merged top jets (see Section 3.2.4).
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CA8 b jet Pt (Gev)























Figure 3.3: Ratio of CA8 pT using the generation level b pt cut of 230 GeV and
200 GeV. The red line is the analysis level pT cut of 370 GeV. The sample used for
this study is W′LR at 1300 GeV
We place a generator level pT cut on the b quark from the W
′ decay in the left-
handed and mixed-coupling W′ samples (see Section 3.2.1). To investigate the effect
of this pre-selection, we look at the effect of an even tighter cut. Figure 3.3 shows
the ratio of generator level b pT cuts. The denominator requires a generation level
pt cut of 200 GeV and the numerator requires a generation level pt cut of 230 GeV.
This ratio is parameterized in the pT of the CA8 jet that the generation particle is
matched to (∆R < 0.5 is used for matching). The turn on of this tighter cut is well
below the analysis level cut of 370 GeV. Thus, the effect of the generation level b pT
cut on selections requiring the analysis level pT cut is negligible.
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3.2.4 Jet Reconstruction
All data are reconstructed using CMSSW 5.3.x, and we use jet energy corrections
from FT_53_V21_AN5 [26]. The Particle Flow reconstruction algorithm is used to
reconstruct all data and MC samples used for the analysis. This algorithm uses in-
formation from all sub-detectors to categorize particles as muons, electrons, photons
as well as charged and neutral hadrons. Charged hadrons identified as pileup are
removed from the inputs to the jet clustering algorithms by Charged Hadron Sub-
traction (CHS). Pileup vertices are identified as vertices that have a lower pT than
the primary vertex. Isolated charged leptons are removed, and neutral pileup compo-
nents are removed with a residual area-based method. For more detail, see [19]. The
PF candidates are then used to create ’Particle Flow jets’ as follows. Jet clustering is
performed with a sequential recombination algorithm which compiles jets by merging




Tj )∆ij/R where ∆ij =
√
(yi − yj)2 + (φi − φj)2. We
use the Cambridge-Aachen (CA) [27,28] algorithm implemented by FastJet 3 [29,30],
which assigns a value of m = 0, and thus is not weighted by pT. An R value of 0.8
is used for the analysis. The CA algorithm has been shown to be more efficient than
the the kT and the anti-kT algorithms for finding hard subjets [31].
We use anti-kT jet energy corrections for all jets in the analysis. The jet energy
corrections derived are adequate for the CA R = 0.8 jet algorithm for the jet momenta
considered here as can be seen from 7 TeV studies in simulation comparing AK5 and
CA8 jets [19]. We use the 2012 prescription for jet energy corrections [32]. We
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apply AK7 Particle Flow with charged hadron subtraction (AK7PFchs) jet energy
corrections for all data and MC samples.
3.2.5 Event Pre-selection
The following pre-selection is applied:
• The event must have a good primary vertex as computed by a deterministic
annealing filter (DAF) (|zPrimary Vertex| < 24 cm, NDOF > 6).
• Two jets with |y| < 2.4
• Only two jets with pT > 150 GeV
• Leading Jet pT > 450 GeV & Sub-leading Jet pT > 370 GeV
• Loose Particle Flow jet identification [33] is applied
• Leading and sub-leading jet are separated by |∆y| < 1.6. This cut is described
in Section 3.2.9.
• Beam background events are removed using the following requirements:
– In events with at least 10 tracks, a minimum of 25% of these tracks must
be high purity tracks.
The requirement that there are only two jets with pT > 150 GeV is useful for
vetoing “three-prong” trijet events, which could impact the kinematics of the top-W
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candidate invariant mass distribution and bias the background estimate.
3.2.6 tt pT Re-weighting
In order to correct for known differences in the top pT spectrum between data and
tt MC, we re-weight MC using the Generator level pT of the top and anti-top with the
recommended prescription. With pTt and pTt being the generator pT of the top and




e0.156−.00137pTt × e0.156−.00137pTt (3.2)
Although this procedure was not designed for the kinematic range in our analysis, we
prefer to use the prescription as it is more consistent with our measurement of the tt
normalization (see Section 3.3.5).
3.2.7 Pileup Correction
We re-weight our MC samples to account for differences due to pileup using the
recommended procedure. To create a scale factor for number of primary vertices,
we use MC truth to extract the number of pileup interactions. Then we compare
this to the mean number of interactions per crossing from data. This is extracted
using the pileup distribution from the rereco datasets listed in table 3.1. For this
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calculation we use the suggested minbias cross-section of 69.4 mb. The scale factor
is then the data distribution divided by the distribution in MC and is applied to the
signal and tt MC samples to improve data to MC agreement. Figure 3.5 shows the
distribution of reconstructed primary vertices in Data, tt, and signal MC before and
after the re-weighting has been applied. The pileup correction has very little effect
on the eventual Mtb full selection, as seen in Figure 3.6, for W
′
R signal MC at the
1900 GeV mass point. Similarly, there is little effect tt MC as can be seen in Figure
3.7. A study has been conducted to investigate the effect of the suggested systematic
uncertainty of 5% on the as can be seen in Section 3.5. Figure 3.4 shows the number
of primary vertices in data and signal MC with respect to discrimination variables
used to separate signal from background.
3.2.8 Combined CMS Top Tagging Algorithm
The CMS top tagging algorithm takes CA jets with R = 0.8 as input. The
algorithm first attempts to decompose the CA jet into two primary subjets, and then
performs a secondary decomposition to attempt to split the subjets into secondary
subjets [34]. In this process, particles with low pT or a large angular distance from
the jet center are omitted. The top tagging algorithm is based on the following cuts
• Jet Mass 140 GeV < mjet < 250 GeV - The mass of the CA jet is required to
be consistent with the top quark mass.
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• Number of Subjets Nsubjets > 2 - The number of subjets found by the algo-
rithm must be at least 3.
• Minimum Pairwise Mass mmin > 50 GeV - The three highest pT subjets are
taken pairwise, and each pair’s invariant mass is calculated. mmin is the mass
of the pair with the lowest invariant mass. The minimum pairwise mass must
be close to the W mass.
Figure 3.8 shows the comparison of Signal and QCD MC for the above top tagging
selection. Here, the N-subjettiness and subjet b-tagging cuts are not applied.
The N-subjettiness algorithm can be used for boosted top jet identification [35].













where R0 is the characteristic jet radius used by the jet clustering algorithm. For this
analysis we use the one pass kt method of subjet axes minimization. τN is a measure
of how consistent the jet energy is with originating from N subjets. Additional dis-
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crimination power when using N-subjettiness variables is achieved by cutting on the
ratio of two of these variables. Figure 3.9 shows τ3/τ2 comparison using signal and
QCD MC samples. We use the standard operating point of τ3/τ2 < 0.55 [34] in the
full selection.
The use of b-tagging algorithms on subjets is described in [36]. We apply the
Combined Secondary Vertex b-tagging algorithm to all of the subjets found by the
CA declustering sequence described above. The optimal discrimination variable when
using subjet b-tagging is the maximum discriminant out of the three or four subjets
found. Figure 3.10 shows the maximum subjet CSV b discriminant comparison using
signal and QCD MC samples. We use the standard CSV working point SJCSVMAX >
0.679.
Substructure variables in the signal region have known differences in data and
MC [34]. We use the top tagging scale factor with the addition of subjet b-tagging
and N-subjettiness discrimination that is extracted from efficiency comparisons of
data and MC in a highly pure semileptonic tt sample. The scale factor for this effect
is 1.04 and is applied to the signal MC samples used in the main analysis. There
is a 13% uncertainty on this scale factor which is purely statistical, as the study
is dominated by statistical uncertainty. The scale factor is obtained from the plots
shown in Figure 3.11.
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3.2.9 Delta Rapidity Cut
At high Mtb, jets that originate from QCD multijet production are widely sep-
arated in rapidity (high ∆y). However the jets originating from a high mass tb
resonance do not exhibit such pronounced separation. The effect is not pronounced
over the entire Mtb spectrum, but for high values of Mtb the analysis can achieve
greater separation of signal and background. We therefore place a cut on |∆y| <
1.6 for the full selection. The value for this cut was chosen by investigating the
Signal/
√
Background distribution in events that have Mtb > 2000 GeV. Because it
is not as effective over the entire Mtb range, the value is set slightly off the peak to
minimize loss of signal efficiency. Figure 3.12 shows the comparison of |∆y| for high
Mtb in signal and QCD MC. Here, the N-subjettiness and subjet b-tagging cuts are
not applied.
3.2.10 b-jet Identification
To enhance the sensitivity of the analysis, the Combined Secondary Vertex (CSV)
b-tagging algorithm is applied to the subleading jet. We use the standard operating
point CSVM (CSV > 0.679). Due to the fact that our signal content contains only
tb and the only MC used in background estimation is tt, the MC to data scale factor
used in the analysis for b-tagging is the b-tagging Scale Factor for b quarks (SFb).
We use the suggested scale factor parameterized in pT with the following functional
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form for b candidate jet pT < 800 GeV
SFb = 0.938887 + 0.00017124× pT − 2.76366× 10−07 × pT2 (3.5)
Any b candidate jet with pT > 800 GeV is weighted with SFb evaluated at 800 GeV.
The parameterized SFb is the suggested EPS13 prescription [36] from the b-tagging
POG generated from measurements in both muon-jet and ttbar data representing
20 fb−1 of integrated luminosity. The uncertainty associated with this scale factor
parameterization is described in Section 3.5. b-tagging operating points and scale
factors have been validated for use with anti-kt jets with a R value of 0.5 (AK5 jets).
In our kinematic regime it is assumed that the change in cone size will have a small
effect. We apply an additional 2% systematic uncertainty to the signal MC samples
used in the analysis. This is a conservative estimate of the uncertainty, validated by
the following study:
For the 2700 GeV signal sample, we included both AK5 and CA8 jets in the event
selection. All jets considered were required to be in our pt range (pT > 350 GeV).
We attempt to match a CA8 jet to the corresponding AK5 jet using a constraint on
η and φ (∆R < 0.3 ). The results were 579041 CA8 jets pass pt cut, of these, 567155
pass the η , φ matching to AK5 jets. Of the matched jets, 96.9% record the same
value for the CSVM cut (pass or fail). In addition, the ratio of b-tagging efficiencies
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for both AK5 and CA8 were found to be within a 2% deviation (see Figure 3.13).
To rule out a bias based on the known differences in pt for CA8 and AK5 jets, the
efficiencies and uncertainties were extracted from plots using only the pt of the CA8
jet. The fit on the b-tagging efficiency ratio for CA8 and AK5 jets can be interpreted
as an upper bound on the uncertainty due to this effect. We also checked this process
for 1300 GeV and 1900 GeV signal samples and found results consistent with this 2%
error. We have verified this systematic uncertainty with the BTV group, and it is
approved for use in our analysis.
After the full top tagging selection is complete, there is a substantial fraction
of tt in the full selection. Additionally, there is a large uncertainty in the tt MC
contribution, so discriminating signal from tt becomes important. In W′ signal MC,
the sub-leading b candidate jet is usually a true b jet, but in tt this jet is commonly
a merged W or top jet. To this effect, the b candidate jet is required to have a mass
Mb < 70 GeV in the full selection. The value for this cut is set near the peak of the
Signal/
√
Background distribution (see Figure 3.14).
3.2.11 Reconstruction of W’ Invariant Mass
The full selection for the reconstruction of the W′ invariant mass then includes
the following offline cuts.
• One jet with pT > 450 GeV identified with the CMS top tagging algorithm as
well as subjet b-tagging and N-subjettiness discrimination.
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• One jet with pT > 370 GeV with a CSVM b tag and mass< 70 GeV
• |∆φ| > π/2 between the two jets
• |∆y| between the two jets < 1.6
The cutflow for this selection in data, tt MC, and right-handed W′ signal MC can be
found in Table 3.5. Figure 3.15 shows this full selection in signal MC for various W′
masses.
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Figure 3.4: Number of primary vertices in data and signal MC vs (a) Number of
Subjets (b) Minimum Pairwise Mass (c) Top Mass (c) CSV b discriminant
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Number of Reconstructed Primary Vertices















 = 8 TeV Unweighted sCMS Preliminary 
Number of Reconstructed Primary Vertices















 = 8 TeV WeightedsCMS Preliminary 
Figure 3.5: Number of reconstructed primary vertices before pileup re-weighting (top)
and after pileup re-weighting (bottom). Here, no analysis cuts have been applied and
the signal mass point is 1900 GeV
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 = 8 TeV sCMS Preliminary 
Figure 3.6: Effect of pileup-re-weighting on the Signal MC.
 (GeV)tbM

















 = 8 TeV sCMS Preliminary 
Figure 3.7: Effect of pileup-re-weighting on the tt MC.
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QCD Monte Carlo
 Monte Carlott
 Monte Carlo at 1700 GeVRW`
 Monte Carlo at 1900 GeVRW`
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1.2  = 8 TeV sCMS Simulation 
Figure 3.8: Comparison of the top Jet Mass, Number of Subjets, and Minimum
Pairwise Mass in Signal and QCD MC. The cms top tagging selection is applied with
the exception of the variable being plotted.
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ττ
ττ
Figure 3.9: τ3/τ2 distributions in Signal and QCD MC samples (top). Plot of
Signal/
√
Background (bottom), derived from the top plot.
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Maximum Subjet CSV











0.3 QCD Monte Carlo
 Monte Carlott
 Monte Carlo at 1700 GeVRW`
 Monte Carlo at 1900 GeVRW`
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Figure 3.10: Maximum subjet CSV distributions in Signal and QCD MC samples
(top). Plot of Signal/
√
Background (bottom), derived from the top plot.
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-1 = 8 TeV, 19.7 fbsCMS Preliminary 
Figure 3.11: a.)Number of subjets, b.)minimum pairwise subjet mass, c.)jet mass,
d.)τ3/τ2, and e.)maximum subjet CSV for fully-merged top candidates found in the
semileptonic tt sample, used to evaluate the top-tagging efficiency SF. These Figures
are extracted using the Powheg tt MC Sample.
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Δ Δ
Δ Δ
Figure 3.12: Comparison of |Δy| in signal and QCD MC for the full selection and
only events with Mtb > 2000 GeV
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 = 8 TeV sCMS Preliminary 
Figure 3.13: Ratio of the AK5 b-tagging rate to the CA8 b-tagging rate. Fitting this
to a constant gives us a value of 1.0098 ± 0.0031. This can be considered an upper
limit on the uncertainty for the change in SFb for CA8 jets
70
CHAPTER 3. THE W′ SEARCH
b Candidate Mass (GeV)
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QCD Background Prediction
 Monte Carlo Predictiontt
 Monte Carlo at 1700 GeVRW`
 Monte Carlo at 1900 GeVRW`
 Monte Carlo at 2100 GeVRW`
Data
b Candidate Mass (GeV)

















 -1 = 8 TeV,19.7 fbsCMS Preliminary 
Figure 3.14: b candidate mass distributions in data, background, and signal. Plot of
Signal/
√
Background (bottom), derived from the top plot. This plot includes the full
top tagging selection using the background estimation procedure outlined in Section
3.3.
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 Monte Carlo at 1300 GeVLRW`
 Monte Carlo at 1700 GeVLRW`
 Monte Carlo at 2100 GeVLRW`
 Monte Carlo at 2700 GeVLRW`
 Monte Carlo at 3100 GeVLRW`
 = 8 TeVsCMS Simulation 
Figure 3.15: Full selection applied to W′R (top) W
′
L (bottom-left) and W
′
LR (bottom-
right). The bimodal structure seen in the Mtb spectrum for high W
′ mass is a feature
common to high-mass large-width resonances and represents the superposition of a
W′ resonance and a rapidly falling parton distribution function.
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3.3 Background Estimation
An essential part of the analysis is the data driven estimation of the QCD back-
ground. The background estimate relies on extracting the average b-tagging rate of
a QCD jet in our signal region. We extract this rate by making use of the following
sideband.
3.3.1 Substructure Sideband
We define the substructure sideband as events passing all signal region cuts but
explicitly failing the top jet substructure cut on the number of subjets. Additionally,
to ensure similar parton flavor distributions in the signal region and sideband (Figure
3.16), we also include subjet CSV discrimination. The top jet sideband is defined as:
140 < mjet < 250GeV (3.6)
Nsubjets ≤ 2 (3.7)
SJCSVMAX ≥ 0.679 (3.8)
The Minimum Pairwise Mass variable described in Section 3.2.8 is not defined in this
choice of sideband.
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3.3.2 QCD Background Estimation
The estimation of QCD background is performed by extracting the probability to
tag a b jet in the sideband. The primary assumption used in background estimation
is that the average b-tagging probability for QCD multijets in the signal region is
nearly identical to the sideband. Figure 3.16 shows the parton flavor distribution
for signal region and sideband in QCD MC, the nearly identical composition can be
considered motivation for the previous assumption.
To extract a QCD background estimate, we weight the events that pass the full se-
lection in the signal region before the b-tagging requirement is applied by the average
b-tagging probability (measured in the top jet sideband). This gives us an accurate
expectation of the QCD background in the signal region. The b-tagging rate is de-
fined as the inverse ratio of the number of b candidate jets, defined as pT > 370 GeV
jets in the hemisphere opposite the top jet to the number of b candidate jets that are
b-tagged.
The parameterization of the average b-tagging rate is two dimensional and con-
siders both the |η| and pT of the b candidate jets. We break down data into three
distinct regions in |η|.
• Low (0.0 < |η| ≤ 0.5)
• Transition (0.5 < |η| ≤ 1.15)
• High (1.15 < |η| ≤ 2.4)
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b Candidate Parton Flavor
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CMS Preliminary, 8 TeV  Sideband
Figure 3.16: Comparison of jet parton flavor composition from the signal region and
sideband.
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The regions in |η| are then individually parameterized in pT to produce the average
b-tagging rate. We perform this parameterization of the b-tagging rate in an attempt
to constrain the kinematic correlations inherent in b-tagging.
To smooth out the binning of the average b-tagging rate, a study of functional
fits was conducted for the average b-tagging rate (see Figure 3.39). We chose the
bifurcated polynomial fit based on observed representation of the data. The fitting
function is as follows
f(x) =

p0 + p1x+ p2(x− a)2, if x < a
p0 + p1x+ p3(x− a)2, if x ≥ a
(3.9)
Here, the parameters p0 through p3 are inputs to the fitting algorithm, and x is
the pT of the b candidate jet. The parameter a is the bifurcation point, and is chosen
manually for each region in η. It is chosen to be 500 GeV, 500 GeV, and 550 GeV for
the low, transition, and high η regions respectively. This piecewise function allows for
two characteristic ranges to fit a polynomial, which makes a good fit for the different
functional forms of the average b-tagging rate regions that we use.
The errors on the average b-tagging rate are then extracted using the full covari-
ance matrix as obtained from output of the fitting algorithm. Additionally, we assign
a systematic uncertainty to cover the choice of the fit function (see Section 3.5) based
on several alternative functional forms. Figure 3.17 shows the tags (numerator) and
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probes (denominator) of the tagging rate. Figure 3.18 shows the three fitted average
b-tagging rates parameterized in pT.
3.3.3 tt Subtraction
The tt contribution to background is computed from MC that passes the full
selection. To avoid double-counting, we must remove tt from our QCD estimate. In
creating the b-tagging rate, the tt contribution to the numerator and denominator is
subtracted away using tt MC. Additionally, we account for the tt contamination of
the QCD background estimate by applying the average b-tagging rate to tt MC in
the same way as data. This is a measure of tt that is expected to fall through the
QCD background estimate and is subtracted away.
3.3.4 Sideband Closure
In order to investigate the applicability and versatility of the QCD background
estimation in data, we apply the average b-tagging rate to sideband regions of our
top tagging selection. First, we define the following sideband:
• Jet Mass 140 GeV < mjet < 250 GeV
• Number of Subjets Nsubjets > 2
• Minimum Pairwise Mass mmin ≤ 50 GeV
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η1 η2 η3
pretag QCD 15922 (99.77%) 14396 (99.79%) 5494 (99.81%)
tagged QCD 924 (99.17%) 847 (99.16%) 285 (99.54%)
pretag tt 37 (0.23%) 31 (0.21%) 11 (0.19%)
tagged tt 8 (0.83%) 7 (0.84%) 1 (0.46%)
pretag signal at 1300GeV 108 (0.67%) 77 (0.53%) 17 (0.30%)
tagged signal at 1300GeV 37 (3.94%) 24 (2.87%) 4 (1.44%)
pretag signal at 1500GeV 62 (0.39%) 39 (0.27%) 8 (0.14%)
tagged signal at 1500GeV 17 (1.86%) 11 (1.28%) 2 (0.67%)
pretag signal at 1700GeV 31 (0.19%) 19 (0.13%) 3 (0.06%)
tagged signal at 1700GeV 8 (0.82%) 4 (0.53%) 1 (0.25%)
pretag signal at 1900GeV 15 (0.09%) 9 (0.06%) 1 (0.02%)
tagged signal at 1900GeV 3 (0.31%) 2 (0.20%) 0 (0.07%)
pretag signal at 2100GeV 7 (0.04%) 4 (0.03%) 0 (0.01%)
tagged signal at 2100GeV 1 (0.13%) 1 (0.09%) 0 (0.03%)
Table 3.6: Number of tagged and pretagged events for each background sample and
percent contribution to overall average b-tagging rates. Additionally, signal samples
are investigated. The percents indicated are out of the total QCD + tt expectation
and the signal samples are scaled to theory cross-section.
• N-subjettiness τ3/τ2 ≥ 0.55
• Subjet b-Tagging SJCSVMAX ≥ 0.679
This region lies outside of the signal region and sideband used for average b-tagging
rate determination. The selection also has a very low yield of tt, making it ideal for
investigating the QCD background contribution. The average b-tagging rate used for
this closure test is extracted from the same sideband as the signal region, and applied
to pre-b-tagged events. The closure test can be seen in Figure 3.19.
Additionally, we can define the following sideband
• Jet Mass 140 GeV < mjet < 250 GeV
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• Number of Subjets Nsubjets > 2
• Minimum Pairwise Mass mmin > 50 GeV
• N-subjettiness τ3/τ2 < 0.55
• Subjet b-Tagging SJCSVMAX ≤ 0.679
The closure test can be seen in Figure 3.20.
3.3.5 Deriving the normalization of the SM tt pro-
duction
In order to study the contribution from tt to tbe full background estimate, we turn
to a sideband defined by inverting the b candidate mass requirement in the signal
region. This selection has an amplified tt fraction and is statistically independent
from all other sidebands in the analysis. This makes the selection ideal for extracting
the tt fraction in data. In order to extract this fraction, we compare the data-driven
QCD background and tt MC expectation to the selection in data.
We perform a template fit to the invariant mass of the b candidate, using scaled
tt MC as one template, and the QCD background prediction as the other. The fit
allows the QCD background template to move only within its errors, whereas the
normalization on tt is unconstrained. The optimal parameterization for this fit is in
a variable that has distinctly different shapes in tt and QCD. We therefore use the b
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candidate mass, which minimizes the correlation between the QCD and tt templates
within the fit. The fit can be seen in Figure 3.21. For this maximum likelihood fit we
use the Theta package.
Additionally, the fit implements the tt subtraction in the QCD estimate by fitting
un-subtracted QCD to the tt full selection. The output of the fitter is then corrected
by (1+S/F), where S/F is the ratio of the number of events in tt subtracted selection
to the tt full selection.
This study suggests after all scale factors applied in the analysis, the tt contri-
bution needs to be amplified by 1.23 ± 0.24. This normalization is used for all tt
distributions in the analysis, and the uncertainty is then the full normalization un-
certainty for tt.
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Figure 3.17: The tags and probes used for the average b-tagging rate in each of the
three regions in |η| . Here, tags are the numerator and probes are the denominator
of the average b-tagging rate
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Figure 3.18: pT parameterized average b-tagging rate from (a) Low η region (b)
Transition η region (c) High η region. The average b-tagging rate is shown in black,
the polynomial fit is shown in blue, and the propagated errors from the fit are shown
as a blue dashed line.
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Figure 3.19: A plot of Mtb in the control region defined by inverting the minimum
pairwise mass and N-subjettiness cuts used in the full selection. The top and bottom
plots are the same but with linear and log y-axis scale.
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Figure 3.20: A plot of Mtb in the control region defined by inverting the subjet b
tagging cut used in the full selection. The top and bottom plots are the same but
with linear and log y-axis scale.
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Figure 3.21: b candidate mass as extracted from the b candidate mass inverted side-
band. Pre fraction fit (left) and post fraction fit (right).
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3.4 Data Results
After closure of the background estimation procedure within control regions, we
first apply the background estimate to a loose selection that contains all of the full se-
lection cuts with the exception of subjet b-tagging and N-subjettiness. The agreement
using this selection can be seen in figure 3.22.
After observing agreement is the loose selection, we investigate the full selection.
The final results are shown in Figure 3.23. We proceed to compute limits on the
W′ cross-section. Background estimation of selected relevant variables can be seen in
Figures 3.24 and 3.25.
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Figure 3.22: A plot of the full selection before N-subjettiness and subjet b-tagging
discrimination. Here we investigate the data-background agreement in a loose selec-
tion before looking at the full top tagging selection. Top and bottom plots are the
same but with linear and log y-axis scale.
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Figure 3.23: A plot of the full selection comparing data, signal and background. The
single top contribution is not considered when setting limits. The normalization for
the signal samples is set to a cross-section of 0.2 pb. Top and bottom plots are the
same but on linear and log y-axis scale.
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Figure 3.24: Background estimation of kinematic variables. The error bars shown are
from the three primary sources; uncertainty on the fit, choice of fit, tt normalization,
and tt Q2 uncertainty
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Figure 3.25: Background estimation of kinematic variables. The error bars shown are
from the three primary sources; uncertainty on the fit, choice of fit, tt normalization,
and tt Q2 uncertainty
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3.5 Systematic Uncertainties
Various systematics are taken into account, both on our expected signal and back-
ground estimate. Some systematic uncertainties will affect only the normalization of
certain event rates, and are reported as overall normalization uncertainties. Other
systematics affect the shapes of the reconstructed signal or backgrounds, as well as
their normalization. The Systematic uncertainties that are used in the analysis are
summarized in table 3.10.
3.5.1 Jet Energy Scale
We evaluate the effect of uncertainty on the jet energy scale on samples derived
from MC simulation. To do so, we vary the jet four-momentum up and down by the
jet energy scale uncertainty, which we take to be 3%. We include pT and η dependent
corrections to the jet energies, as well as uncertainties from the difference in measured
and simulated W masses [37].
Varying the jet momentum can cause a jet to fall below or rise above the pT cut in
the analysis, thus shifting the invariant mass spectrum of the signal and reconstructed
tt samples. Figure 3.29 shows the systematic shapes from the jet energy scale on the
tt distribution. Jet Energy scale variation on signal MC is shown in Figure 3.28 for
1300 GeV, 1900 GeV, and 2300 GeV mass points.
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3.5.2 Trigger
We include an uncertainty based on the measured trigger efficiency for all MC
Samples. The trigger efficiency is discussed in Section 3.2.2. To obtain shape system-
atics from this effect, we vary the trigger by half the trigger inefficiency. The effects
of this on the tt distribution is shown in Figure 3.31. Trigger weighting on signal MC
is shown in Figure 3.30 for 1300 GeV, 1900 GeV, and 2300 GeV mass points. The
uncertainty is low in the mass range of interest for limit setting.
3.5.3 Jet Energy Resolution
We apply a systematic due to the known differences in jet energy resolution in
data and simulation. We use η dependent smearing (see [37]) as recommended by the
JER group. We apply this systematic uncertainty to the tt distribution (as seen in
Figure 3.33). Jet Energy Resolution variation on signal MC is shown in Figure 3.32
for 1300 GeV, 1900 GeV, and 2300 GeV mass points.
3.5.4 Jet Angular Resolution
A smearing of 10% is assumed on η and φ and shape uncertainties are generated
by considering smearing 10% lower and higher. We apply this systematic uncertainty
to the tt distribution (as seen in Figure 3.35 ). Jet Angular Resolution variation on
signal MC is shown in Figure 3.34 for 1300 GeV, 1900 GeV, and 2300 GeV mass
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points. The effect is very small and thus not considered in setting limits.
3.5.5 PDF Uncertainty
The uncertainty in the parton distribution function used for MC sample generation
is investigated. We take the average of the ±1σ eigenvalue variation of the pdf master
equations [38] for the NNPDF, MSTW2008nnlo, and CT10 pdf sets to weight the
signal and tt MC samples and investigate the impact on the full selection. The PDF
set that provides the maximum uncertainty is then used for the ±1σ PDF uncertainty.
For tt and signal this set is NNPDF. PDF variation on signal MC is shown in Figure
3.36 for 1300 GeV, 1900 GeV, and 2300 GeV mass points. PDF variation on tt MC
is shown in Figure 3.37. The effect is very small and thus not considered in setting
limits.
3.5.6 Pileup
A study of pileup uncertainty is conducted by varying the minimum bias cross-
section by 5% as a measure of systematic uncertainty. The results can be seen in
figure 3.38. The effect is very small and thus not considered in setting limits.
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pT range Absolute Error on SFb
320 GeV < pT < 400 GeV 0.0313175
400 GeV < pT < 500 GeV 0.0415417
500 GeV < pT < 600 GeV 0.0740446
600 GeV < pT < 800 GeV 0.0596716
Table 3.7: Absolute Error applied to the b-tagging Scale Factor
3.5.7 b-Tagging Scale Factor Uncertainty
The uncertainty in the b-tagging scale factor described in Section 3.2.10 is applied
based on the b candidate pt. The binning and associated errors listed below are the
suggested EPS13 prescription generated from measurements in both muon-jet and
ttbar data representing 20 fb−1 of integrated luminosity. The absolute uncertainty on
SFb for a b candidate jet within the listed pT range is applied as shown in table 3.7
for pT < 800 GeV. B candidate jets with pT > 800 GeV are assigned an uncertainty
equal to twice the listed value for 600 GeV < pT < 800 GeV
3.5.8 Q2 Scale Uncertainty
We use additional tt samples generated with twice and half the nominal Q2 scale
used in the tt samples listed in table 3.1. These samples vary the renormalization and
factorization scales to account for missing higher order corrections in our simulation.
Figure 3.26 shows the shape based uncertainty due to this effect.
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 = 8 TeV sCMS Preliminary 
Figure 3.26: Q2 systematic variation for tt MC
3.5.9 tt pT Re-weighting
The uncertainty related to the pT re-weighting scheme presented in Section 3.2.6
is taken as the difference between the weighted and unweighted tt spectrum. This
uncertainty can be seen in figure 3.27. This is the dominant uncertainty for tt.
3.5.10 Normalization Uncertainties
As mentioned in Section 3.3.5, the uncertainty due to the overall normalization
scale factor used for tt is extracted from data and is 19%.
We must apply a 13% uncertainty on the top tagging scale factor described in Sec-
tion 3.2.8 to signal MC events due to uncertainty in the difference in subjet efficiency
from data to MC.
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 = 8 TeV sCMS Preliminary 
Figure 3.27: pT re-weighting systematic variation for tt MC
As mentioned in Section 3.2.10, we add a 2% uncertainty to the signal estimates
from the AK5 vs. CA8 scale factor on b-tagging efficiency.
We also include a 2.6% uncertainty in the luminosity for the signal MC [39].
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3.5.11 Uncertainties related to the QCD Background
Estimate
We use the result of the fit to the average b-tagging rate (see Section 3.3) to weight
pre b-tagged events in order to create the QCD background estimate. Uncertainties
in the fitting algorithm and statistical uncertainties in the sideband are taken into
account (see figure 3.18). Statistical uncertainties in the pre b tagged signal region
are also taken into account.
3.5.11.1 Choice of the functional form for the average b-
tagging rate
The functional form used is a bifurcated polynomial. However there is a system-
atic uncertainty associated with this choice. The uncertainties due to this effect are
taken into account by studying alternative functional forms seen in figure 3.39. The
background estimation from these alternative fits are seen in figure 3.40. The uncer-
tainty due to the choice of fit is taken as the Mean Squared Error of these alternative
backgrounds bin by bin and can be seen in figure 3.41.
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3.5.11.2 Two-dimensional vs. three-dimensional parameter-
ization of the average b-tagging rate
Additionally, we place an uncertainty on the inability of the background estimate
to capture all kinematic correlations through the parameterization of the average
b-tagging rate in pT and η. This uncertainty is calculated by investigating a param-
eterization in pT η and Mtb. We define Pi as the average b-tagging rate described in
Section 3.3 in one η bin and Pij as the average b-tagging rate if parameterized with
Mtb as well. Pij can be seen in figure 3.42. Each bin in Pi can be thought of as a
column average over all Mtb bins per pT bin. If Pij a function of Mtb (index j) is not
constant, then averaging over Pij over j while projecting onto Mtb axis to obtain the
QCD background estimate can result in a bias. For more in-depth discussion on this
effect, please see Section 6.1.3.
We assess the approximate size of the uncertainty due to our choice of parameteri-
zation by explicitly comparing the three-dimensional and two-dimensional background
estimates in the sideband. Using these two parameterizations, the uncertainty in the




refers to the number of pretag events for a bin in pT and Mtb. Fig. 3.43 shows the
uncertainty due to this effect. These uncertainties are taken in quadrature to produce
an overall uncertainty in the data derived background estimate that is applied in a
shape based manner in the limit-setting macro.
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Figure 3.28: Jet Energy Scale systematic variation for Right-handed W′ MC at
the following mass points (a) MW′ = 1300 GeV (b) MW′ = 1900 GeV (c) MW′ =
2300 GeV
 (GeV)tbM
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Figure 3.29: Jet Energy Scale systematic variation for tt MC
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Figure 3.30: Trigger Weighting systematic variation for Right-handed W′ MC at the
following mass points (a) M ′W = 1300 GeV (b) M
′
W = 1900 GeV (c) M
′
W = 2300 GeV
 (GeV)tbM
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Figure 3.31: Trigger Weighting systematic variation for tt MC
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Figure 3.32: Jet Energy Resolution systematic variation for Right-handed W′ MC
at the following mass points (a) MW′ = 1300 GeV (b) MW′ = 1900 GeV (c) MW′ =
2300 GeV
 (GeV)tbM
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Figure 3.33: Jet Energy Resolution systematic variation for tt MC
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Figure 3.34: Jet Angular Resolution systematic variation for Right-handed W′ MC
at the following mass points (a) M ′W = 1300 GeV (b) M
′
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Figure 3.35: Jet Angular Resolution systematic variation for tt MC
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Figure 3.36: PDF systematic variation for Right-handed W′ MC at the following
mass points (a) M ′W = 1300 GeV (b) M
′
W = 1900 GeV (c) M
′
W = 2300 GeV
 (GeV)tbM
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Figure 3.37: PDF systematic variation for tt MC
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 = 8 TeV sCMS Preliminary 
Figure 3.38: Pileup systematic variation for Right-handed W′ MC at the following
mass points (a) MW′ = 1300 GeV (b) MW′ = 1900 GeV (c) MW′ = 2300 GeV
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Figure 3.39: Alternative fit functions for the average b-tagging rate in η regions (a)
Low (b) Transition (c) High
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Figure 3.40: QCD background estimation from alternative fit functions seen in 3.39.
Top and bottom plots are the same but on linear and log y-axis scale.
107
CHAPTER 3. THE W′ SEARCH
σ
σ
Figure 3.41: Uncertainty on the choice of fit as extracted from the alternative
background estimations seen in 3.40. Top and bottom plots are the same but on
linear and log y-axis scale.
108
CHAPTER 3. THE W′ SEARCH
 (GeV)bPt































































Figure 3.42: Two dimensional parameterization of average b-tagging rate in pTb and
Mtb. The x axis binning is identical to the binning in Section 3.3. The y-axis is
binned adaptively to approximate equivalent statistics over each y-axis bin per x axis
bin. (a) Low η Region (b) Transition η Region (c) High η Region
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310 QCD Background Estimate
Parameterization Error Bars
Figure 3.43: Uncertainty on the parameterization choice. Top and bottom plots are
the same but on linear and log y-axis scale.
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3.6 Results
3.6.1 Limits
We set limits on the production cross-section of the W′R boson. We compare the
number of observed events to the number of events expected given the new physics
model. We use the following formula:
Nexpected = σW′R ×BW′R→tb;W→hadrons × ε× L (3.10)
where σW′R is the W
′
R cross-section, BW′R→tb;W→hadrons
is the branching ratio W′R → tb
with the W decay constrained to the hadronic branching fraction, ε is the signal
efficiency corrected by data-driven scale factors and L is the integrated luminosity of
our dataset.
We perform a shape analysis using the Mtb distribution. We use a binned likeli-
hood fit to compare the distribution from the W′ boson signal hypothesis with the
Standard Model distribution produced by our background estimation procedure.
To set shape based limits, the Theta package [20] is used. We use a Bayesian
method to extract 95% CL upper limits on the production of a right-handed W′
particle.
A Poisson model is used in each bin of our analysis. For each bin, the mean of
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βk × Tk,i (3.11)
here, k includes the signal and background models, and T represents the fraction of
events expected for each process k in bin i.







Where µi is the mean of the Poisson distribution in bin i, given in terms of T , the
number of events expected from the process k.
The Theta package performs pseudoexperiments to calculate 68% and 95% upper
bounds on the limit bands. The pseudoexperiments take into account systematic
effects as nuisance parameters. These nuisance parameters are varied within their
uncertainties and the posterior is refitted for each pseudoexperiment.
The uncertainty in the jet energy scale, Q2 scale, pT re-weighting, trigger, SFb,
QCD background uncertainties, and jet energy resolution are taken as shape based
uncertainties, and the other sources of uncertainty are taken as overall normalizations.
The limits from Theta are shown in Figure 3.44.
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Cross-Section Upper Limits
Mtb observed expected expected 1σ expected 2σ
1300 0.146 0.117 0.080,0.166 0.057,0.229
1500 0.059 0.078 0.056,0.112 0.040,0.163
1700 0.050 0.066 0.047,0.097 0.034,0.130
1900 0.055 0.062 0.043,0.091 0.032,0.126
2100 0.064 0.064 0.046,0.093 0.036,0.140
2300 0.073 0.069 0.052,0.098 0.042,0.147
2700 0.093 0.106 0.082,0.146 0.071,0.211
Table 3.9: W′R cross-section upper limits for given Mtb values. Cross-section is in
units of pb.
3.6.2 Generalized Coupling Limits
To set limits on generic couplings, we use the procedure outlined in [15]. The full
selection for the left-handed and mixed-coupling samples (described in section 3.2)





LR) using the following cross-sections respectively:



























































Where σW′ij refers to the cross-section for right, left or mixed-coupling samples
and σsingletop is the standard model s-channel single top cross-section. We assume
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CHAPTER 3. THE W′ SEARCH
aud = atb. The templates are then summed and limits can be set using the resultant
yield as the signal process for the given values of aL and aR. Because the left-handed
and mixed-coupling samples cannot be separated from SM single top, we set limits
on the couplings aL and aR. The Theta package is used for this computation and
limits are calculated using combinations of the couplings from 0 to 1 in increments
of 0.1. Using these limits, we find where MW′ cross-section limits align with theory
prediction and plot these values in the aL and aR plane. These points are where we
can exclude the aL and aR coupling combinations for the standard model plus W′
hypothesis at the given W′ mass. The results are shown in Figure 3.45. For this
procedure, no systematic uncertainty is considered for the single top contribution due
to the fact that statistical uncertainty dominates in these templates (see Figure 3.46).
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Figure 3.44: The W′R boson 95% C.L. production cross-section limits. The expected
(black) and observed (red) limits as well as W′R boson theoretical cross-section (blue)
are plotted for comparison. The uncertainty in the expected limit band is shown in
light (±1σ) and dark grey (±2σ). These limits were extracted using the Theta limit
setting framework.
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 (8 TeV)-119.7 fbCMS Preliminary
Figure 3.45: Plots of MW′ as a function of a
L and aR. The z axis colors indicate
MW′ where the theoretical cross section intersects the observed or expected limit
band. The top (bottom) plot shows observed (expected) limits.
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CMS Simulation s channel single top
Figure 3.46: Standard model s-channel single top production used for the generalized
coupling analysis.
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3.7 Combination
To enhance the sensitivity of the measurement of the W′ cross-section upper limit
as well as the limit set on coupling strengths, the fully-hadronic and semileptonic
(W′ → tb → `νbb) W′ decay channels have been combined. The analysis of the
semileptonic channel is documented in [40]. The fully-hadronic channel includes W′
signal generated from a mass of 1300 GeV to 3100 GeV, whereas the semileptonic
channel has mass points generated from 800 GeV to 3000 GeV. Therefore, the region
of combined sensitivity ranges from W′ mass of 1300 GeV to 3000 GeV. Below this
region, the semileptonic channel limits are quoted.
There are points within the region of combined sensitivity where the signal sample
exists for the semileptonic channel but not for the all-hadronic channel. These inter-
mediate mass points are reproduced using RooFit template morphing to interpolate
the shape of the Mtb spectrum. The generation level b pT selection placed on the
left-handed and mixed coupling W′ samples is taken into account by interpolating
the selection efficiency for the interpolated mass points.
In combining the analysis sensitivity, the uncertainty sources Jet Energy Scale, Jet
Energy Resolution, b-tagging scale factor, and luminosity 3.5 are correlated, and the
remaining are left uncorrelated. Different generators are used for the tt production
MC simulation, so the Q2 scale and pT re-weighting uncertainties are not correlated.
The W′R combined cross-section upper limits are shown in figure 3.47. Here, a W
′
R
boson with mass less than 2.15 TeV is excluded at the 95% C.L. Combined limits on
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the W′ coupling strengths is shown in figure 3.48.
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Figure 3.47: The W′R boson 95% C.L. production cross-section limits for the combined
semileptonic and all-hadronic channels. The expected (solid-black) and observed
(dashed-black) limits as well as W′R boson theoretical cross-section (dashed-blue) are
plotted for comparison. The uncertainty in the expected limit band is shown in
green (±1σ) and yellow (±2σ). The left of the red dashed line shows limits purely
from the semileptonic channel. The right of the red dashed line shows limits using
combined sensitivity from the semileptonic and all-hadronic channels. These limits
were extracted using the Theta limit setting framework.
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Figure 3.48: Plots of MW′ as a function of a
L and aR. The z axis colors indicate MW′
where the theoretical cross section intersects the observed or expected limit band. The
red coloration indicates combined sensitivity, green indicates that the limits are purely






The focus of this analysis is a BSM predicted [41] excited b quark referred to as
b∗. The decay mode considered in this analysis is b∗ →tW, as it is dominant in the
b∗ mass region of interest.
b∗ production at the LHC takes place through the strong interaction. The La-









b∗ →tW decay takes place through the weak interaction and is described through
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We consider three hypotheses for the right- and left-handed couplings.
left-handed: κbL = gL = 1 and κ
b
R = gR = 0 (4.3)
right-handed: κbL = gL = 0 and κ
b
R = gR = 1 (4.4)
vectorlike : κbL = gL = 1 and κ
b
R = gR = 1 (4.5)
Searches for the b∗ quark in the tW decay mode have been performed at the
ATLAS detector at the LHC [42]. Using 19.7fb−1 of integrated luminosity at 8TeV,
we exclude a left-handed b∗ quark couplings between 0.99TeV and 1.40TeV
Similar to the W′ search described in the previous chapter, the b∗ quark region
of interest is high mass. Therefore, similar boosted techniques are used to identify
the top quark decay products and reduce the QCD background. Additionally, similar
methods are used to estimate the background due to the success of these methods in
the W′ search.
124
CHAPTER 4. THE B∗ SEARCH
4.1.1 Analysis Strategy
Similar to the W′ search, the primary sources of background are QCD multijet
and SM tt production.
The QCD background component is estimated by a tagging rate based data driven
technique similar to the W′ search (see Section 3.3.2). We invert the W candidate
mass requirement in order to define a control region with negligible signal contri-
bution. This region is used to investigate the mistagging rate for the top tagging
algorithm used in the analysis. This top-mistagging rate is then used to weight
events in lieu of a top-tag in our full selection. This allows for an estimation of the
QCD background component with a low signal pollution component. This procedure
is first applied to a control region in order to investigate any potential bias, and is
then applied to the signal region selection (see Section 4.3.1).
The shape of the SM tt production contribution is estimated from MC simulation.
The normalization of this contribution is measured in a third control region that is
enriched in tt production (see Section 4.3.4).
The data and background components are then used as templates by the Bayesian
statistical procedure identical to the W′ search
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4.2 Data Sample and Event Selection
The data sample used for this analysis corresponds to 19.7±0.5 fb−1 of integrated
luminosity collected in 2012 at
√
s = 8 TeV. See Table 3.1 for a summary of the
datasets used in the analysis.
4.2.1 Signal Samples
The b∗ generation is performed using two different coupling hypotheses.
• b∗R - The purely right-handed b∗ where κbL = gL = 0 , κbR = gR = 1
• b∗L - The purely left-handed b∗ where κbL = gL = 1 , κbR = gR = 0
The right- and left-handed b∗ samples used in this analysis are given in table 4.1
and 4.2 respectively. The vectorlike b∗LR signal template is created by summing the
right- and left-handed templates after normalization to theory cross-section.
4.2.2 Trigger Selection
Similar to the W′ search, we use the HLT HT750 trigger. The trigger efficiency is
measured in data and MC by investigating the looser HLT HT550 trigger. The selection
used for this measurement includes a loose kinematic selection in which we require
two jets with pT > 300 GeV. The denominator is defined as passing this selection
and the HLT HT550 trigger, whereas the numerator is required to pass the selection
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Right-Handed Signal Samples
Dataset Cross-Section (pb)
Bstar fullHad right M-800 TuneZ2star 8TeV-
madgraph
1.36
Bstar fullHad right M-900 TuneZ2star 8TeV-
madgraph
0.662
Bstar fullHad right M-1000 TuneZ2star 8TeV-
madgraph
0.336
Bstar fullHad right M-1100 TuneZ2star 8TeV-
madgraph
0.178
Bstar fullHad right M-1200 TuneZ2star 8TeV-
madgraph
0.0966
Bstar fullHad right M-1300 TuneZ2star 8TeV-
madgraph
0.0540
Bstar fullHad right M-1400 TuneZ2star 8TeV-
madgraph
0.0310
Bstar fullHad right M-1500 TuneZ2star 8TeV-
madgraph
0.0181
Bstar fullHad right M-1600 TuneZ2star 8TeV-
madgraph
0.0108
Bstar fullHad right M-1700 TuneZ2star 8TeV-
madgraph
0.00652
Bstar fullHad right M-1800 TuneZ2star 8TeV-
madgraph
0.00399
Bstar fullHad right M-1900 TuneZ2star 8TeV-
madgraph
0.00249
Bstar fullHad right M-2000 TuneZ2star 8TeV-
madgraph
0.00156
Table 4.1: Right-handed signal samples along with the cross sections used in the
analysis.
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Left-Handed Signal Samples
Dataset Cross-Section (pb)
Bstar fullHad left M-800 TuneZ2star 8TeV-
madgraph
1.36
Bstar fullHad left M-900 TuneZ2star 8TeV-
madgraph
0.662
Bstar fullHad left M-1000 TuneZ2star 8TeV-
madgraph
0.336
Bstar fullHad left M-1100 TuneZ2star 8TeV-
madgraph
0.178
Bstar fullHad left M-1200 TuneZ2star 8TeV-
madgraph
0.0966
Bstar fullHad left M-1300 TuneZ2star 8TeV-
madgraph
0.0540
Bstar fullHad left M-1400 TuneZ2star 8TeV-
madgraph
0.0310
Bstar fullHad left M-1500 TuneZ2star 8TeV-
madgraph
0.0181
Bstar fullHad left M-1600 TuneZ2star 8TeV-
madgraph
0.0108
Bstar fullHad left M-1700 TuneZ2star 8TeV-
madgraph
0.00652
Bstar fullHad left M-1800 TuneZ2star 8TeV-
madgraph
0.00399
Bstar fullHad left M-1900 TuneZ2star 8TeV-
madgraph
0.00249
Bstar fullHad left M-2000 TuneZ2star 8TeV-
madgraph
0.00156
Table 4.2: Left-handed signal samples along with the cross sections used in the
analysis.
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and both the HLT HT550 and HLT HT750 trigger. The efficiency is shown in Figure 4.1
and is parameterized as a function of summed leading and sub-leading jet pT. The
extracted trigger efficiency is used to weight the MC samples used in the analysis to
account for the loss in efficiency in the turn-on. We do not observe perfect agreement
in data and MC, so we use the trigger efficiency derived from data to weight our MC
samples, and therefore use a conservative uncertainty on the efficiency measurement
(see section 4.5). The red dashed line in figure 4.1 indicates the minimum for the





























Figure 4.1: Trigger efficiency of HLT HT750 measured as a function of the summed pT
of the leading and sub-leading jets.
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4.2.3 Event Pre-selection
The following pre-selection is applied:
• The event must have a good primary vertex as computed by a deterministic
annealing filter (DAF) (|zPrimary Vertex| < 24 cm, NDOF > 6).
• Two jets with |y| < 2.4
• Exactly two jets with pT > 150 GeV
• Leading Jet & Sub-leading Jet pT > 425 GeV
• Loose Particle Flow jet identification [33] is applied
• Beam background events are removed using the following requirements:
– In events with at least 10 tracks, a minimum of 25% of these tracks must
be high purity tracks.
Here we do not include the |∆y| discrimination used in the W′ search due to the
fact that the expected b∗ mass exclusion point is lower, and this cut is highly energy
dependent.
4.2.4 Pileup Correction
We re-weight our MC samples to account for differences due to pileup using the
recommended procedure (see Section 3.2.7). Figure 4.2 shows the distribution of
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reconstructed primary vertices in data, tt, and signal MC before and after the re-
weighting has been applied. The pileup correction has very little effect on the eventual
MtW full selection, as seen in Figure 4.3, for b
∗
R signal MC at the 1300 GeV mass
point. Similarly, there is little effect tt MC as can be seen in Figure 4.4. A study
has been conducted to investigate the effect of the suggested systematic uncertainty
of 5% on the minbias cross-section as can be seen in Section 4.5.
4.2.5 Combined CMS Top Tagging Algorithm
The CMS top tagging algorithm is described in detail in Section 3.2.8. Figure 4.5
shows τ3/τ2 comparison using signal and QCD MC samples. We use the standard
operating point of τ3/τ2 < 0.55 in the full selection. Figure 4.6 shows the maximum
subjet CSV b discriminant comparison using signal and QCD MC samples. We use
the standard CSV working point SJCSVMAX > 0.679.
4.2.6 W Jet Identification
The W boson daughter if the b∗ quark will also be boosted. Just as the CMS
top tagging algorithm discriminates signal from background using the merged top
jet, the boosted W boson tagging discriminates signal from background by using a
merged W jet. For this we constrain the jet mass to the W boson range, and use the N-
subjettiness algorithm. To identify the two subjets of the W boson, the N-subjettiness
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Number of Reconstructed Primary Vertices















 = 8 TeV Unweighted sCMS Preliminary 
Number of Reconstructed Primary Vertices















 = 8 TeV WeightedsCMS Preliminary 
Figure 4.2: Number of reconstructed primary vertices before pileup re-weighting (top)
and after pileup re-weighting (bottom). Here, no analysis cuts have been applied and
the signal is b∗R 1000 GeV
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 = 8 TeV sCMS Preliminary 
Figure 4.3: Effect of pileup re-weighting on the right-handed b∗ Signal MC.
variable used is τ2/τ1 due to the fact that the jet energy is more consistent with two
subjets than one.
• Jet Mass 70 GeV < mjet < 100 GeV - The mass of the CA jet is required to
be consistent with the W boson mass.
• N-subjettiness τ2/τ1 < 0.5 - The ratio of the N-subjettiness variables τ2 and
τ1 should be low, as the W jet is more consistent with two subjets than one.
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Figure 4.4: Effect of pileup re-weighting on the tt MC.
4.2.7 Reconstruction of b∗ invariant mass
The full selection for the reconstruction of the b∗ invariant mass then includes the
following offline cuts.
• One jet with pT > 425 GeV with the CMS top tagging algorithm as well as
subjet b-tagging and N-subjettiness discrimination.
• One jet with pT > 425 GeV with a boosted W tag
• |∆φ| > π/2 between the two jets
After this selection, the b* invariant mass is reconstructed using the top-W candidate
mass (MtW). The cutflow for this selection in data, tt MC, and b
∗ signal MC can be
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found in Table 4.3. Figure 4.7 shows this full selection in signal MC for various b∗
masses.
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ττ
ττ
Figure 4.5: τ3/τ2 distributions in Signal and QCD MC samples (top). The selection
here includes the full signal region with the exception of subjet b-tagging in order to
preserve QCD MC statistics. Plot of Signal/
√
Background (bottom), derived from
the top plot.
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Maximum Subjet CSV



















Figure 4.6: Maximum subjet CSV distributions in Signal and QCD MC samples
(top). Plot of Signal/
√
Background (bottom), derived from the top plot.
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4.3 Background Estimation
The primary sources of SM background for this analysis are QCD multijet and
tt production. The shape of the tt contribution to the background is taken from
MC, and the normalization is derived from data by using a tt rich control region.
The QCD multijet background contribution is derived from data by inverting the W
candidate mass requirement for W-tagging.
4.3.1 QCD Background Estimation
In order to extract the QCD multijet background contribution, we determine the
mistagging rate for the CMS top tagging algorithm (see Section 3.2.8). To measure
this top mis-tagging rate, we turn to a control region based on inverting the W-
tagging mass requirement. We look in a W candidate mass window around of the
signal region requirement (30 GeV < Mjet < 70 GeV or 100 GeV < Mjet).
After applying this selection, we take the inverse ratio of top candidate jets to
top candidate jets that are top-tagged to define the top-mistagging rate. To keep the
kinematics similar in the sideband and similar region when reconstructing MtW, the
top candidate mass requirement is kept on the jets in both regions. To extract a QCD
background estimate, we weight the events that pass the W-tagging requirements in
the full selection by the top-mistagging rate.
The parameterization of the top-mistagging rate is two dimensional and considers
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both the |η| and pT of the top candidate jets. We break down data into two distinct
regions in |η|.
• Low (0.0 < |η| ≤ 1.0)
• High (1.0 < |η| ≤ 2.4)
The regions in |η| are then individually parameterized in pT to produce the average
top-mistagging rate. We perform this parameterization of the top-mistagging rate in
an attempt to constrain the kinematic correlations inherent in top-tagging.
To smooth out the binning of the average top-mistagging rate, a study of functional
fits was conducted for the top-mistagging rate (see Figure 4.34). We use the same
functional form for the top-mistagging rate fit as the average b-tagging rate in the W′
search (see Section 3.3.2) with the bifurcation points set to be 640 GeV and 590 GeV
for the low and high η regions respectively.
The errors on the top-mistagging rate are then extracted using the full covariance
matrix as obtained from output of the fitting algorithm. Additionally, we assign a
systematic uncertainty to cover the choice of the fit function (see Section 4.5) based
on several alternative functional forms. Figure 4.8 shows the tags (numerator) and
probes (denominator) of the top-mistagging rate. Figure 4.9 shows the two fitted
top-mistagging rates parameterized in pT.
In the creation of the top-mistagging rate, tt is subtracted using the prescription
outlined in Section 3.3.3
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η η
η η
Figure 4.8: The tags and probes used for the average top-mistagging rate for the two
regions in |η|. Here, tags are the numerator and probes are the denominator of the
average top-mistagging rate
4.3.2 Top Candidate Mass Correction
The application of the top-mistagging rate on the pre top-tagged sample provides
a close approximation of the shape and normalization of the signal region. However,
there is a known shape based discrepancy in the modeling of the top-candidate jet
mass (see [19]). Before the number of subjets and minimum pairwise mass require-
ments, the QCD top candidate mass spectrum is a rapidly falling function, whereas
after this selection the QCD top candidate mass spectrum is nearly flat. To inves-
tigate this discrepancy, we take the top candidate mass spectrum from QCD MC
142
CHAPTER 4. THE B∗ SEARCH
Background Composition
region pre top-tag post top-tag
signal region QCD 37801 211
signal region tt 457 129
sideband region QCD 176741 926
sideband region tt 1758 456
Table 4.4: expected QCD and tt yields in the signal region and sideband used for
extracting the top-mistagging rate. The QCD expected events are measured after tt
subtraction.
before and after the number of subjets, minimum pairwise mass, and N-subjettiness
requirements. The ratio of these normalized templates gives an approximate correc-
tion for this effect (see Figure 4.10). The uncertainty for this procedure is taken as
half the correction. The correction and uncertainty are both interpolated to roughly
correct for binning. This correction can be seen for data in Figure 4.11
The effect of this correction on the MtW and top candidate pT templates can be
seen in figure 4.12.
4.3.3 Sideband Closure
In order to investigate the applicability and versatility of the QCD background
estimation in data, we apply the top-mistagging rate to a control region of our W-
tagging selection. We define the following W-tagging sideband:
• Jet Mass 30 GeV < mjet < 70 GeV or 100 GeV < mjet < 130 GeV
• N-subjettiness τ2/τ1 ≥ 0.5
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This sideband does not overlap with the control region used to extract the top-
mistagging rate due to the inverted N-subjettiness window. The selection has a lower
yield of tt than the full selection, making it ideal for investigating the QCD back-
ground contribution. The closure test can be seen in Figure 4.13. The termination of
the W candidate mass requirement at 130 GeV is due to the fact that above this re-
gion there is an increased yield of fully merged tops that pass the W-tagging sideband
selection, which makes this region important for pinning down the tt normalization.
4.3.4 Deriving the Normalization of the SM tt Pro-
duction
In order to study the contribution from tt to the full background estimate, we
investigate the following control region:
• Jet Mass mjet > 130 GeV
• N-subjettiness τ2/τ1 ≥ 0.5
This selection has an amplified tt fraction and is statistically independent from all
other sidebands in the analysis. We extract the tt normalization by comparing the
QCD background (extracted using the same top-mistagging rate as the signal region)
and tt MC to the selection in data. The fit allows the QCD background template to
move only within its errors, whereas the normalization on tt is unconstrained. We use
the top candidate mass spectrum for fitting, which minimizes the correlation between
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the QCD and tt templates within the fit due to the top mass peak. This fit can be
seen in Figure 4.14. For this maximum likelihood fit we use the Theta package.
tt is subtracted from the numerator and denominator of the top-mistagging rate
when extracting the QCD background estimate in the signal region. Additionally,
tt contamination (se section 3.3.3) is subtracted from the QCD background estimate
after the application of the top-mistagging rate. This tt contamination is estimated
by weighting the pre top-tagged tt selection by the top-mistagging rate. The fitting
procedure needs to implement both of these subtractions in order to isolate the tt nor-
malization constant, because through these mechanisms the QCD shape is dependent
on the tt normalization.
The fit implements the tt subtraction in the QCD estimate by fitting un-subtracted
QCD to the tt full selection. The output of the fitter is then corrected by (1+S/F),
where S/F is the ratio of the number of events in tt subtraction to the tt full selection.
The fit additionally implements tt subtraction in creation of the top-mistagging
rate by creating two QCD components. One component is anticorrelated with the
tt normalization factor, and the other is independent of this normalization factor.
The anticorrelated QCD component fraction of the QCD estimate is taken as the
difference of the QCD estimate with and without tt subtraction. The independent
QCD component fraction of the QCD estimate is taken as the difference of the QCD
estimate and the anticorrelated component.
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This study suggests after all scale factors applied in the analysis, the tt contribu-
tion needs to be scaled by 0.79±0.17. This normalization is used for all tt distributions
in the analysis, and the uncertainty is then the full normalization uncertainty for tt.
4.3.5 Control Region Scale Factors
The W-tagging control regions mentioned in sections 4.3.4 and 4.3.1 are used
for measurements that impact the background estimate in the signal region. These
inverted selections do not have known scale factors, so we derive them using the
semileptonic sample mentioned in section 4.2.5. The scale factor for the control
region mentioned in section 4.3.1 is determined to be 0.97±0.06, and the scale factor
for the control region mentioned in section 4.3.4 is 1.12± 0.09.
The scale factors are a product of the W candidate mass window scale factor and
the τ2/τ1 window scale factor. The W candidate mass used for this measurement can
be seen in figure 4.15. Given the mass window, we then investigate τ2/τ1 for the jet.
This can be seen in figure 4.16 for the scale factor of the control region mentioned
in section 4.3.1 and figure 4.16 for the scale factor of the control region mentioned in
section 4.3.4.
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η
η
Figure 4.9: pT parameterized average top-mistagging rate from the low (top) and
high (bottom) η regions. the top-mistagging rate is shown in black, the polynomial
fit is shown in blue, and the propagated errors from the fit are shown as a blue dashed
line.
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Figure 4.10: A plot of the top candidate mass spectrum in QCD MC before and
after top-tagging (top). The correction used for this discrepancy (bottom) created
by dividing the templates in the top plot. The uncertainty used for this correction is
shown as the blue dashed line.
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Figure 4.11: Top candidate mass before (left) and after (right) the top candidate
mass correction. The selection for this plot is the full selection in the signal region.
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Figure 4.12: A plot of the QCD background estimate before and after the top mass
correction. the top plots show the effect on top pT, and the bottom plot shows the
effect on MtW.
150





Figure 4.13: A plot of MtW in the W-tagging sideband selection. The top and bottom
plots are the same but with linear and log y-axis scale.
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σ
Figure 4.14: top candidate jet mass as extracted from the high mass W-tagging side-
band. Pre fraction fit (left) and post fraction fit (right). The two QCD components
use identical template shapes, but the normalization is such that one component can
be considered independent from tt, and the other will be anticorrelated tt normaliza-
tion constant.
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η
Figure 4.15: A plot of W candidate jet mass used for determination of the control
region scale factors.
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Figure 4.16: A plot of τ2/τ1 used for determination of the scale factor for the control
region used for extracting the top-mistagging rate.
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Figure 4.17: A plot of τ2/τ1 used for determination of the scale factor for the control
region used for extracting the tt normalization.
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b∗ signal region efficiency
Mb∗ εR εL εLR
800 0.0014 0.0010 0.0012
900 0.0076 0.0063 0.0070
1000 0.0301 0.0243 0.0272
1100 0.0502 0.0411 0.0456
1200 0.0653 0.0522 0.0588
1300 0.0746 0.0590 0.0668
1400 0.0788 0.0636 0.0712
1500 0.0809 0.0629 0.0719
1600 0.0795 0.0616 0.0706
1700 0.0760 0.0596 0.0678
1800 0.0749 0.0569 0.0659
1900 0.0707 0.0536 0.0622
2000 0.0660 0.0499 0.0583
Table 4.5: b∗ signal efficiency for left-handed, right-handed and vectorlike b∗ samples
4.4 Data Results
After closure of the background estimation procedure within the control region
4.3.3, we investigate signal region. The results in the signal region are shown in Figure
4.18. We proceed to compute limits on the b∗ cross-section. Background estimation
of selected relevant variables can be seen in Figures 4.19 and 4.20.
The expected number of events in the signal region is 359 ± 58, the observed
number of events is 318. Table 4.5 gives the signal efficiency in the signal region for
the three signal coupling hypotheses.
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Figure 4.18: A plot of the full selection comparing data, signal and background. Top
and bottom plots are the same but on linear and log y-axis scale.
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Figure 4.19: Background estimation of kinematic variables. The error bars shown
are from the three primary sources; uncertainty on the fit, choice of fit, top mass
modification, tt normalization, and tt Q2 uncertainty
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Figure 4.20: Background estimation of kinematic variables. The error bars shown
are from the three primary sources; uncertainty on the fit, choice of fit, top mass
modification, tt normalization, and tt Q2 uncertainty
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4.5 Systematic Uncertainties
Various systematics are taken into account, both on our expected signal and back-
ground estimate. Some systematic uncertainties will affect only the normalization of
certain event rates, and are reported as overall normalization uncertainties. Other
systematics affect the shapes of the reconstructed signal or backgrounds, as well as
their normalization.
The uncertainty sources of jet energy scale, trigger, jet energy resolution, jet
angular resolution, parton distribution functions, pileup, and Q2 scale are considered
and we use the prescriptions outlined in Section 3.5. Figure 4.24 shows the systematic
shapes from the jet energy scale on the tt distribution. Jet energy scale variation
on signal MC is shown in Figure 4.23 for 1200 GeV, 1300 GeV, and 1400 GeV
mass points. The effects of this on the tt distribution due to the trigger systematic
variation is shown in Figure 4.26. The trigger weighting systematic uncertainty on
signal MC is shown in Figure 4.25 for 1200 GeV, 1300 GeV, and 1400 GeV mass
points. The uncertainty is low in the mass range of interest for limit setting. The
jet energy resolution variation in tt MC can be seen in Figure 4.28. Jet energy
resolution variation on signal MC is shown in Figure 4.27 for 1200 GeV, 1300 GeV,
and 1400 GeV mass points. The jet angular resolution variation in tt MC can be seen
in Figure 4.30 . Jet angular resolution variation on signal MC is shown in Figure 4.29
for 1200 GeV, 1300 GeV, and 1400 GeV mass points. The effect is very small and
thus not considered in setting limits. PDF variation on signal MC is shown in Figure
160
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4.31 for 1200 GeV, 1300 GeV, and 1400 GeV mass points. PDF variation on tt MC
is shown in Figure 4.32. The effect is very small and thus not considered in setting
limits. The pileup reweighting uncertainty variation for signal can be seen in figure
4.33. The effect is very small and thus not considered in setting limits. The Q2 scale
























Figure 4.21: Trigger efficiency systematic variation.
4.5.1 Normalization Uncertainties
As mentioned in Section 4.3.4, the uncertainty on the overall normalization scale
factor used for tt is extracted from data and is 22%.
We must apply a 13% uncertainty on the top tagging scale factor described in Sec-
tion 3.2.8 to signal MC events due to uncertainty in the difference in subjet efficiency
from data to MC.
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Figure 4.22: Q2 systematic variation for tt MC
The cross-section uncertainty of 20%,15%,30% applies single-top quark back-
ground tW,t,and s channels respectively are applied.
We also include a 2.6% uncertainty in the luminosity for the signal MC [39].
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4.5.2 Uncertainties Related to the QCD Background
Estimate
We use the result of the fit to the top-mistagging rate (see Section 4.3) to weight
pre top-tagged events in order to create the QCD background estimate. Uncertainties
in the fitting algorithm and statistical uncertainties in the sideband are taken into
account (see figure 4.9). Statistical uncertainties in the pre b tagged signal region are
also taken into account.
4.5.2.1 Choice of the Functional Form for the Average Top-
Mistagging Rate
The functional form used is a bifurcated polynomial. However there is a system-
atic uncertainty associated with this choice. The uncertainties due to this effect are
taken into account by studying alternative functional forms seen in figure 4.34. The
background estimation from these alternative fits are seen in figure 4.35. The uncer-
tainty due to the choice of fit is taken as the Mean Squared Error of these alternative
backgrounds bin by bin and can be seen in figure 4.36.
4.5.2.2 Top Candidate Mass Correction
The correction of the top candidate mass is detailed in section 4.3.2. The uncer-
tainty on this procedure is taken as one half of the correction and is shown in Figures
163
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4.10 and 4.11.
4.5.2.3 Two-Dimensional vs. Three-Dimensional Parameter-
ization of the Average Top-Mistagging Rate
Additionally, we place an uncertainty on the inability of the background esti-
mate to capture all kinematic correlations through the parameterization of the top-
mistagging rate in pT and η. This uncertainty is calculated by investigating a pa-
rameterization in pT η and MtW. We define Pi as the top-mistagging rate described
in Section 4.3 in one η bin and Pij as the top-mistagging rate if parameterized with
MtW as well. Pij can be seen in figure 4.37. Each bin in Pi can be thought of as a
column average over all MtW bins per pT bin. If Pij a function of MtW (index j) is
not constant, then averaging over Pij over j while projecting onto MtW axis to obtain
the QCD background estimate can result in a bias.
We assess the approximate size of the uncertainty due to our choice of parameteri-
zation by explicitly comparing the three-dimensional and two-dimensional background
estimates in the sideband. Using these two parameterizations, the uncertainty in the
MtW distribution due to parameterization is approximately
n∑
j=0
mij(Pij − Pi) where mij
refers to the number of pretag events for a bin in pT and MtW. Fig. 4.38 shows the
uncertainty due to this effect. The addition of a dimension to the top-mistagging rate
parameterization leads to lower statistical power. The additional uncertainty from
including MtW in the top-mistagging rate parameterization is taken into account by
164
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an additional uncertainty on the QCD shape. For this, we use the ±1σ deviations
from the 3d parameterized top-mistagging rate to extract the MtW shape instead of
the nominal value. Additionally, the uncertainty due to the 2d parameterization is
subtracted from this shape in quadrature due to the fact that this is already included
as an uncertainty. The uncertainty due to this can be seen in figure 4.39.
These uncertainties are taken in quadrature to produce an overall uncertainty in
the data derived background estimate that is applied in a shape based manner in the
limit-setting macro.
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Figure 4.23: Jet Energy Scale systematic variation for right-handed b∗ MC at the
following mass points (a) Mb∗ = 1200 GeV (b) Mb∗ = 1300 GeV (c) Mb∗ = 1400 GeV
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Figure 4.24: Jet Energy Scale systematic variation for tt MC
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Figure 4.25: Trigger Weighting systematic variation for right-handed b∗ MC at the
following mass points (a) Mb∗ = 1200 GeV (b) Mb∗ = 1300 GeV (c) Mb∗ = 1400 GeV
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Figure 4.26: Trigger Weighting systematic variation for tt MC
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Figure 4.27: Jet Energy Resolution systematic variation for right-handed b∗ MC
at the following mass points (a) Mb∗ = 1200 GeV (b) Mb∗ = 1300 GeV (c) Mb∗ =
1400 GeV
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Figure 4.28: Jet Energy Resolution systematic variation for tt MC
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Figure 4.29: Jet Angular Resolution systematic variation for right-handed b∗ MC
at the following mass points (a) Mb∗ = 1200 GeV (b) Mb∗ = 1300 GeV (c) Mb∗ =
1400 GeV
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Figure 4.30: Jet Angular Resolution systematic variation for tt MC
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Figure 4.31: PDF systematic variation for right-handed b∗ MC at the following mass
points (a) Mb∗ = 1200 GeV (b) Mb∗ = 1300 GeV (c) Mb∗ = 1400 GeV
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Figure 4.32: PDF systematic variation for tt MC
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Figure 4.33: Pileup systematic variation for right-handed b∗ MC at the following
mass points (a) Mb∗ = 1200 GeV (b) Mb∗ = 1300 GeV (c) Mb∗ = 1400 GeV
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η
η
Figure 4.34: Alternative fit functions for the top-mistagging rate in η regions (a)
Low (b) High
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Figure 4.35: QCD background estimation from alternative fit functions seen in 4.34.
Top and bottom plots are the same but on linear and log y-axis scale.
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Figure 4.36: Uncertainty on the choice of fit as extracted from the alternative
background estimations seen in 4.35. Top and bottom plots are the same but on
linear and log y-axis scale.
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Figure 4.37: Two dimensional parameterization of top-mistagging rate in pTt and
MtW. The x axis binning is identical to the binning in Section 4.3. The y-axis is
binned adaptively to approximate equivalent statistics over each y-axis bin per x axis
bin. (a) Low η Region (b) High η Region
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Figure 4.38: Uncertainty on the parameterization choice. Top and bottom plots are
the same but on linear and log y-axis scale.
175
CHAPTER 4. THE B∗ SEARCH
 (GeV)tWM



















-1CMS Preliminary, 8 TeV, 19.7 fb
Figure 4.39: Statistical uncertainty on the three dimensional parameterization top-
mistagging rate nominal shapes.
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4.6 Results
4.6.1 Limits
We set limits on the production cross-section of the b∗ quark. We compare the
number of observed events to the number of events expected given the new physics
model. We use the following formula:
Nexpected = σb∗ ×Bb∗→tW ;W→hadrons × ε× L (4.6)
where σb∗ is the b
∗ cross-section, Bb∗→tW ;W→hadrons is the branching ratio b
∗ → tW
with both W boson decays constrained to the hadronic branching fraction, ε is the
efficiency and L is the integrated luminosity of our dataset.
We perform a shape analysis using the MtW distribution. This analysis uses a
binned likelihood fit to compare the distribution from the b∗ quark signal hypothesis
with the SM distribution produced by our background estimation procedure.
We use a Bayesian method to extract 95% CL upper limits on the production of
a left- and right-handed b∗ particle.
The statistical procedure for setting limits is described in Section 3.6.1.
The uncertainty in the jet energy scale, Q2 scale, trigger, QCD background un-
certainties, and jet energy resolution are taken as shape based uncertainties, and the
other sources of uncertainty are taken as overall normalizations.
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The limits from Theta are shown in Figure 4.49. The expected(observed) exclusion
region for the right-handed b∗ quark hypothesis is between 0.88 TeV and 1.55 TeV
(0.82 TeV and 1.43 TeV). The expected(observed) exclusion region for the left-handed
b∗ quark hypothesis is between 0.89 TeV and 1.48 TeV (0.88 TeV and 1.40 TeV). The
expected(observed) exclusion region for the vectorlike b∗ quark hypothesis is between
0.82 TeV and 1.70 TeV (0.8 TeV and 1.53 TeV). Cross-section upper limits for right-
handed, left-handed, and vectorlike b∗ are summarized in Tables 4.10,4.11, and 4.12
respectively.
Table 4.6 gives the values for nuisance parameters after limit setting for each b∗
mass hypothesis.
The cross section upper limits can be generalized due to the fact that the b∗ cross-
section is dependent on the unknown constants κ and g as can be seen in equations
4.1 and 4.1. The limits can be extrapolated to the g,κ plane as can be seen in figures
4.50 and 4.50 for observed and expected limits respectively.
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b∗R Cross-Section Upper Limits
Mb∗ observed expected expected 1σ expected 2σ
800 3.298 6.325 3.584,11.675 1.999,22.481
900 0.283 0.549 0.323,0.953 0.202,1.961
1000 0.087 0.172 0.113,0.243 0.083,0.355
1100 0.122 0.112 0.077,0.162 0.056,0.223
1200 0.081 0.076 0.053,0.110 0.039,0.155
1300 0.051 0.052 0.036,0.077 0.026,0.107
1400 0.059 0.041 0.029,0.059 0.022,0.087
1500 0.062 0.034 0.024,0.049 0.017,0.071
1600 0.056 0.029 0.020,0.043 0.015,0.060
1700 0.035 0.025 0.018,0.038 0.013,0.053
1800 0.023 0.023 0.016,0.033 0.011,0.046
1900 0.021 0.022 0.015,0.031 0.011,0.044
2000 0.023 0.021 0.015,0.031 0.011,0.045
Table 4.7: b∗R cross-section upper limits for given b
∗
R mass values. Cross-section is in
units of pb.
b∗L Cross-Section Upper Limits
Mb∗ observed expected expected 1σ expected 2σ
800 7.681 8.588 5.106,15.127 2.798,27.319
900 0.355 0.674 0.395,1.211 0.237,2.369
1000 0.106 0.204 0.137,0.297 0.099,0.424
1100 0.148 0.140 0.096,0.200 0.069,0.273
1200 0.107 0.100 0.069,0.143 0.050,0.203
1300 0.068 0.067 0.047,0.102 0.035,0.140
1400 0.072 0.051 0.036,0.075 0.027,0.108
1500 0.081 0.045 0.031,0.066 0.023,0.092
1600 0.074 0.038 0.027,0.057 0.020,0.079
1700 0.049 0.034 0.023,0.050 0.017,0.070
1800 0.031 0.030 0.021,0.044 0.015,0.061
1900 0.028 0.029 0.021,0.041 0.015,0.058
2000 0.032 0.029 0.021,0.043 0.015,0.060
Table 4.8: b∗L cross-section upper limits for given b
∗
L mass values. Cross-section is in
units of pb.
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b∗LR Cross-Section Upper Limits
Mb∗ observed expected expected 1σ expected 2σ
800 3.917 6.568 4.072,11.122 2.342,18.857
900 0.317 0.603 0.361,1.048 0.219,2.099
1000 0.095 0.187 0.124,0.269 0.087,0.386
1100 0.131 0.124 0.085,0.182 0.063,0.244
1200 0.094 0.086 0.060,0.124 0.044,0.177
1300 0.059 0.059 0.041,0.088 0.031,0.121
1400 0.065 0.046 0.033,0.066 0.024,0.097
1500 0.070 0.039 0.027,0.056 0.019,0.082
1600 0.065 0.033 0.023,0.049 0.017,0.069
1700 0.042 0.029 0.020,0.043 0.014,0.059
1800 0.026 0.026 0.018,0.038 0.013,0.053
1900 0.025 0.025 0.017,0.035 0.013,0.051
2000 0.026 0.025 0.017,0.036 0.013,0.050
Table 4.9: b∗LR cross-section upper limits for given b
∗
LR mass values. Cross-section is
in units of pb.
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Figure 4.40: The b∗ quark 95% C.L. production cross-section limits. The expected
(dashed black) and observed (solid black) limits as well as b∗ quark theoretical cross-
section (blue) are plotted for comparison. The uncertainty in the expected limit band
is shown in green (±1σ) and yellow (±2σ). These limits were extracted using the
Theta limit setting framework. Here, the signal hypotheses of a right-handed, left-
handed, and vectorlike b∗ quark are shown on the top, middle, and bottom plots
respectively.
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Figure 4.41: observed limit plot in the κ,g plane. The top, middle, and bottom plots
show limits for right, left and vectorlike coupling hypotheses respectively.
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Figure 4.42: expected limit plot in the κ,g plane. The top, middle, and bottom plots
show limits for right, left and vectorlike coupling hypotheses respectively.
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4.7 Combination
Here we detail the combination of the signal cross section upper limit sensitivity
for the semileptonic, all-hadronic, and dileptonic b∗ decay channels. The specifics
for the three searches are detailed in the analysis notes [43–45]. Identical sources of
systematic uncertainty are correlated across the channels. The overlap of the signal
region events is negligible. There is no overlap between the all-hadronic channel and
the other selections. The dileptonic channel and semileptonic have four overlapping
events out of 7900 lepton+jets events and 17559 dilepton events. and we set limits
using the Bayesian statistical method as implemented by the theta framework to set
95%C.L. upper limits on the b∗ → tW cross-section.
The following systematic uncertainties are correlated across multiple channels (see
Section4.5):
• Jet Energy Scale
• Jet Energy Resolution
• Luminosity
• DiBoson Cross-Section: The semileptonic and dileptonic channels use the
recommended 30% uncertainty on the di-boson cross-section. The all-hadronic
channel does not include this background source.
• Single-top Cross-Section
185
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• Z+jets Cross-Section: The semileptonic and dileptonic channels use the rec-
ommended 20% uncertainty on the Z+jets cross-section. The all-hadronic chan-
nel does not include this background source.
• tt Cross-Section: The semileptonic and dileptonic channels use the recom-
mended 5.3% uncertainty on the tt cross-section. The all-hadronic channel
does not include this uncertainty due to a measurement of the tt normalization
and uncertainty in the analysis.
Statistical uncertainties are taken into account by using the Barlow-Beeston lite
method.
The rate effects of the systematic uncertainties that only affect the semileptonic
channel are given in tables 6.1 and 6.2 for the electron and muon channels respectively.
The rate effects of the systematic uncertainties that only affect the all-hadronic chan-
nel are given in table 6.3. The rate effects of the systematic uncertainties that only
affect the dileptonic channel are given in table 6.4. The rate effects of the systematic
uncertainties that are correlated over multiple channels are given in table 6.5, 6.6,
6.8, 6.7 for the semileptonic electron, semileptonic muon, all hadronic, and dilepton
channels respectively.
The nuisance parameters after the Theta fit can be seen in figure 4.52.
The distributions given to the limit setting macro are shown in figures 4.43, 4.44,
and 4.45 for the semileptonic, dileptonic, and all-hadronic channels respectively. The
limits for the three channels before combination are shown in figure 4.46, 4.47, and
186
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4.48 for the semileptonic, dileptonic, and all-hadronic channels respectively. The









Figure 4.43: The reconstructed b∗ invariant mass distribution in data, back-
ground, and signal. The channel is semileptonic in the electron+jets (top) and
muon+jets(bottom).
The cross section upper limits can be generalized due to the fact that the b∗ cross-
section is dependent on the unknown constants κ and g.The limits can be extrapolated
to the g,κ plane as can be seen in figures 4.50 and 4.51 for observed and expected
limits respectively.
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The cross section upper limits for left-handed right-handed and vectorlike b∗ cou-
pling hypotheses are shown in Tables 4.11 4.10 and 4.12 respectively.
The b∗ mass exclusion point for each channel is given in table 4.13
188
















Figure 4.44: The reconstructed scalar pT sum distribution in data, background, and
signal. The channel is dileptonic in the muon+muon (top) electron+electron (middle)
and electron+muon (bottom).
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⊕
σ
Figure 4.45: The reconstructed b∗ invariant mass distribution in data, background,
and signal. The channel is all-hadronic.
190
CHAPTER 4. THE B∗ SEARCH
Figure 4.46: limit plot for the left-handed b* (left plot), right handed (middle plot)
and vector like (right plot) b∗ for lepton+jets channel only. The theory error band
including scale uncertainties. 191
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Figure 4.47: limit plot for the left-handed b* (left plot), right handed (middle plot)
and vector like (right plot) b∗ for dilepton channel only. The theory error band
including scale uncertainties. 192
CHAPTER 4. THE B∗ SEARCH
Figure 4.48: limit plot for the left-handed b* (left plot), right handed (middle plot)
and vector like (right plot) b∗ for full hadronic channel only. The theory error band
including scale uncertainties. 193






















Figure 4.49: The b∗ quark 95% C.L. production cross-section limits. The expected
(black) and observed (red) limits as well as b∗ quark theoretical cross-section (blue)
are plotted for comparison. The uncertainty in the expected limit band is shown in
light (±1σ) and dark grey (±2σ). These limits were extracted using the Theta limit
setting framework. Here, the signal hypotheses of a right-handed, left-handed, and
vector-like b∗ quark are shown on the top, middle, and bottom plots respectively.
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Figure 4.50: observed limit plot in the κ,g plane. The top, middle, and bottom plots
show limits for right, left and vector-like coupling hypotheses respectively.
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Figure 4.51: expected limit plot in the κ,g plane. The top, middle, and bottom plots
show limits for right, left and vector-like coupling hypotheses respectively.
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b∗R Cross-Section Upper Limits
Mb∗ observed expected expected 1σ expected 2σ
800 0.490 0.492 0.335,0.723 0.243,1.039
900 0.188 0.303 0.202,0.446 0.140,0.611
1000 0.070 0.141 0.097,0.203 0.070,0.279
1100 0.103 0.096 0.068,0.138 0.050,0.186
1200 0.074 0.063 0.044,0.092 0.032,0.129
1300 0.052 0.045 0.032,0.067 0.023,0.098
1400 0.063 0.038 0.027,0.053 0.020,0.076
1500 0.067 0.030 0.021,0.043 0.015,0.061
1600 0.056 0.025 0.018,0.037 0.012,0.052
1700 0.037 0.023 0.016,0.034 0.011,0.049
1800 0.023 0.021 0.014,0.030 0.010,0.044
1900 0.021 0.020 0.014,0.030 0.010,0.042
2000 0.021 0.020 0.013,0.030 0.010,0.043
Table 4.10: b∗R cross-section upper limits for given b
∗
R mass values. Cross-section is
in units of pb.
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b∗L Cross-Section Upper Limits
Mb∗ observed expected expected 1σ expected 2σ
800 0.617 0.666 0.454,0.984 0.344,1.366
900 0.236 0.387 0.258,0.571 0.172,0.782
1000 0.086 0.173 0.119,0.251 0.087,0.337
1100 0.123 0.119 0.085,0.174 0.063,0.236
1200 0.097 0.083 0.057,0.120 0.042,0.173
1300 0.068 0.059 0.042,0.088 0.030,0.127
1400 0.074 0.048 0.033,0.067 0.025,0.096
1500 0.088 0.040 0.028,0.057 0.020,0.082
1600 0.077 0.034 0.023,0.049 0.016,0.068
1700 0.049 0.030 0.021,0.044 0.014,0.062
1800 0.032 0.028 0.019,0.040 0.013,0.059
1900 0.031 0.027 0.018,0.039 0.013,0.057
2000 0.032 0.027 0.018,0.040 0.014,0.060
Table 4.11: b∗L cross-section upper limits for given b
∗
L mass values. Cross-section is
in units of pb.
b∗LR Cross-Section Upper Limits
Mb∗ observed expected expected 1σ expected 2σ
800 0.510 0.570 0.384,0.840 0.285,1.137
900 0.208 0.337 0.226,0.496 0.157,0.686
1000 0.080 0.156 0.107,0.220 0.079,0.313
1100 0.112 0.107 0.074,0.152 0.057,0.210
1200 0.084 0.072 0.050,0.104 0.035,0.146
1300 0.058 0.051 0.036,0.076 0.026,0.108
1400 0.064 0.042 0.030,0.059 0.022,0.085
1500 0.074 0.034 0.024,0.050 0.018,0.072
1600 0.067 0.029 0.020,0.042 0.014,0.060
1700 0.041 0.026 0.018,0.038 0.013,0.054
1800 0.027 0.024 0.016,0.035 0.011,0.050
1900 0.025 0.023 0.016,0.033 0.011,0.050
2000 0.024 0.023 0.015,0.033 0.012,0.050
Table 4.12: b∗LR cross-section upper limits for given b
∗
LR mass values. Cross-section
is in units of pb.
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left-handed right-handed vector like
Lepton + jets, dilepton and full hadronic channel combined
expected 95% CL limit [GeV] 1500 1580 1730
observed 95% CL limit [GeV] 1390 1420 1520
Full hadronic channel only
expected 95% CL limit [GeV] 890 - 1480 880 - 1550 820 - 1700
observed 95% CL limit [GeV] 880 - 1390 820 - 1430 1530
Lepton + jets channel only
expected 95% CL limit [GeV] 940 990 1130
observed 95% CL limit [GeV] 1030 1070 1170
Dilepton channel only
expected 95% CL limit [GeV] 1060 1100 1210
observed 95% CL limit [GeV] 1020 1050 1160
Table 4.13: 95% CLs limit for the left-, right-handed and vector like excited bottom
quark in the full hadronic, lepton+jets and dilepton channel combined and separately




5.1 Summary of the W′ Search
We have performed a search for new physics in the boosted tb all hadronic final
state. The main feature of this topology is a top quark whose decay products merge
into a single jet.
We take advantage of additional information provided by the top jet substructure
to increase the sensitivity of the analysis. The main background for the search is QCD
multijet production, and is predicted by using the average rate of b-tagging derived
from the jet substructure sideband region. The other main source of background (SM
tt production) is taken from the MC simulation and corrected by a data-driven scale
factor.
Using 19.7 fb−1 of integrated luminosity collected in 2012 by the LHC, we exclude
201
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a right-handed W′ particle with invariant mass below 2.02 TeV. Additionally, we
exclude the left-handed and mixed-coupling W′ particles at 1.94 TeV and 2.14 TeV
respectively.
The combined semileptonic and fully-hadronic channels increase the sensitivity
of the cross-section limit. Using the combined sensitivity of the two channels, we
exclude a right-handed W′ particle with invariant mass below 2.15 TeV
5.2 Summary of the b∗ Search
We have performed a search for new physics in the boosted tW all hadronic final
state. The main feature of a typical event is a boosted top quark and W boson whose
decay products merge into single jets resulting in a dijet topology.
We take advantage of additional information provided by the substructure of these
merged jets to increase the sensitivity of the analysis. The main background for
the search is QCD multijet production, and is predicted by using the average top-
mistagging rate derived from the jet substructure sideband region. The other main
source of background (SM tt production) is taken from the MC simulation and cor-
rected by a data-driven scale factor.
Using 19.7 fb−1 of integrated luminosity collected in 2012 by the LHC, the pro-
duction of a right-handed b* with mass between 0.82 TeV and 1.43 TeV, left-handed
b* with mass between 0.88 TeV and 1.39 TeV, and vectorlike b* with mass between
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0.8 TeV and 1.53 TeV is excluded at the 95% confidence level.
The combined semileptonic, dileptonic, and fully-hadronic channels increase the
sensitivity of the cross-section limit. Using the combined sensitivity of the two chan-
nels, we exclude a right-handed b∗ particle with invariant mass below 1.42 TeV, a
left-handed b∗ with invariant mass below 1.39 TeV, and a vectorlike b∗ with invariant






CA8 jet b-tagging comparison to AK5 jets. A 2% uncertainty is applied to signal
MC samples in the analysis. Jets are matched between AK5 and CA8 within a
Delta(R) size of 0.3. Jets are ensured b flavor from MC truth and are within the pt
range of the analysis. The constant fit to the efficiency ratio gives an upper limit to
the uncertainty for the change in SFb for use with CA8 jets. No extra correction is

















 = 8 TeV sCMS Preliminary 
Figure 6.1: Percent of matched jets that register the same value for the CSVM cut.
6.1.2 Signal Region and Sideband Kinematic Com-
parison
Figure 6.3 shows a comparison in QCD MC of kinematic variables of interest in
the CMS top tagger selection and number of subjets sideband used for the determi-
nation of the average b-tagging rate. There are some discrepancies seen in the two
regions, which is the main reason why we use the average b-tagging rate instead of
the sideband itself. Variables constrained to the top candidate jet such as top mass
have a drastically different shape, so we need to look at the b candidate jet in the op-
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b pt of CA8 jet (GeV/c)












CA b tagging efficiency
AK b tagging efficiency
 = 8 TeV sCMS Preliminary 
Figure 6.2: Comparison of the efficiency of b-tagging matched CA8 and AK5 jets
posite hemisphere to keep the background estimate unbiased. Additionally, because
we parameterize in pT the influence from the different b candidate pT shapes does
not bias the background estimate. Then the final kinematic variable of interest is b




Figure 6.3: Comparison of kinematic variables in QCD MC extracted from the CMS
top tagger signal region and number of subjets sideband
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6.1.3 QCD Parameterization Uncertainty
The QCD background prediction relies on the probability to tag a b jet. We
parameterize this probability using physical variables that have a large effect on the
b-tagging rate (pT and η of the b candidate jet). However, the variable of interest
in the analysis is Mtb, and the background estimate involves integrating, for every
bin in Mtb, along the pT axis. To see this more explicitly, let us consider the signal
region only, with pre-b-tag data divided into a two-dimensional matrix along pT and
Mtb axes, indexed by indices i and j respectively. Thus nij is the number of pre-
b-tag events within a given pT bin (index i) and a given Mtb bin (index j), P i is
the average of true b-tagging probability for a slice in pT, whereas Pij is the true
b-tagging probability for data in nij.
The true number of b tags in two-dimensional bin (i, j) is then nijPij. The ob-
served number of events in Mtb bin j is Nj =
∑
i nijPij. However, the background
estimate uses the average b-tagging probability, P i, averaged over all values of j –
that is, over all values of Mtb.
1 So a ‘perfect’ background estimate (using probabilities
from the signal region) therefore yields Nbkg.est.j =
∑
i nijP i.
Our procedure for the estimation of the QCD background assumes that Pij is
independent of Mtb – in other words, that Pij = P i. If that is the case, the bias of
1In the real measurement we furthermore obtain this number from the sideband, but to elucidate





δNj = Nj −Nbkg.est.j =
∑
i
nij(Pij − P i) (6.1)
is indeed zero.
If for some reason Pij 6= P i, Eq.(6.1), depending on the values of nij, could result
in non-zero bias δNj – even when the used average tagging probability corresponds
to the signal region itself.
Luckily, the assumption that the average b-tagging probability depends only on
the jet itself (with pT and η of the b jet) is a very good one. However, it is conceivable
that second- or third-order effects could create small deviations in Pij − P i and thus
result in a small bias. These effects could be caused by other activity in the event,
which could be a reason that the same values of pT and η could correspond to events
with different pT of the top jet, and thus Mtb. To see that such effects exist (and also
that they are small), it is sufficient to consider the top pT in Figure 3.24, where there
seems to be a small but systematic bias of the background estimate, as evidenced by
the pull distribution in the lower pane. We have not studied the causes of these effects,
but additional activity in the event (from other jets or pile-up) could contribute
additional pixel and strip hits inside the volume of the b jet, and thus impact the
average tagging rate at a low level.
To investigate the ability of the b-tagging rate parameterization in pT and η to
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predict Mtb, we incorporate Mtb into the b-tagging rate parameterization, The effect
is first checked in the second sideband described above. The three-dimensional b-
tagging rate shown in Figure 3.42 is compared to the two dimensional tagging rate
shown in 3.18 to see if this effect can be the cause of the deviations observed in the
low Mtb region. Figure 6.4 shows the differences in the three and two dimensional
background estimates as well as the differences in the full selection of this control
region and the background estimate. From this we conclude that there is an effect
and the shape of the deviations is well approximated with this method.
6.1.4 Signal Contamination Studies
The following studies investigate signal contamination within our analysis. These
plots use the same color scheme seen in Figure 6.5. The signal contamination within
the sideband used for extraction of the average b-tagging rate can be seen in Figure
6.6 (this is signal injected into the post b tagged plots in Figure 3.17). The signal
contamination for the signal region can be seen in Figure 6.7.
There is also some signal contamination within the sideband cross checks described
in Section 3.3.4. The signal contamination within Figure 3.19 can be seen in Figure




Figure 6.10 shows a comparison of the top-mistagging rate extracted from the
W-tagging sideband described in Section 3.3.2 and the top-mistagging rate extracted







































Figure 6.4: (a) Difference of the background estimation from three dimensional
and two dimensional tagging rates (b) Difference of the background estimation from



















Figure 6.6: Signal contamination in the post b tagged sideband used to extract the





Figure 6.7: Signal contamination for the full selection. The solid lines are the signal




































QCD Monte Carlo Signal Region
QCD Monte Carlo Sideband
Figure 6.10: A QCD MC comparison of the top-mistagging rate extracted from the
W-tagging sideband and the top-mistagging rate extracted from the signal region.















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Rate Effects of Systematic Uncertainties
Sample QCD Uncertainty top-tagging W-tagging Trigger ttbar Rate
Mb∗=1000 — +12.50,-11.11 +7.60,-7.06 +0.14,-0.14 —
Mb∗=1100 — +12.50,-11.11 +7.60,-7.06 +0.07,-0.07 —
Mb∗=1200 — +12.50,-11.11 +7.60,-7.06 +0.04,-0.04 —
Mb∗=1300 — +12.50,-11.11 +7.60,-7.06 +0.03,-0.03 —
Mb∗=1400 — +12.50,-11.11 +7.60,-7.06 +0.02,-0.02 —
Mb∗=1500 — +12.50,-11.11 +7.60,-7.06 +0.02,-0.02 —
Mb∗=1600 — +12.50,-11.11 +7.60,-7.06 +0.01,-0.01 —
Mb∗=1700 — +12.50,-11.11 +7.60,-7.06 +0.01,-0.01 —
Mb∗=1800 — +12.50,-11.11 +7.60,-7.06 +0.01,-0.01 —
Mb∗=1900 — +12.50,-11.11 +7.60,-7.06 +0.01,-0.01 —
Mb∗=2000 — +12.50,-11.11 +7.60,-7.06 +0.01,-0.01 —
Mb∗=800 — +12.50,-11.11 +7.60,-7.06 +0.19,-0.19 —
Mb∗=900 — +12.50,-11.11 +7.60,-7.06 +0.28,-0.28 —
qcd +28.14,-27.56 — — — —
sts — +12.50,-11.11 +7.60,-7.06 +nan,+nan —
stt — +12.50,-11.11 +7.60,-7.06 +0.13,-0.13 —
sttW — +12.50,-11.11 +7.60,-7.06 +0.09,-0.09 —
ttbar — — +7.60,-7.06 +0.10,-0.10 +22.00,-18.03
Table 6.3: Rate effects of systematic uncertainties used in limit combina-
tion. The uncertainty sources listed here affect the all-hadronic analysis
and are not correlated with uncertainties in the other channels. This table
considers the right-handed signal hypothesis.
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Rate Effects of Systematic Uncertainties



















Table 6.4: Rate effects of systematic uncertainties used in limit combina-
tion. The uncertainty sources listed here affect the dilepton analysis and
are not correlated with uncertainties in the other channels. This table
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